There is something fishy about turbulence - why novel hydraulic engineering guidelines can assist the upstream passage of small-bodied fish species in standard box culverts by Chanson, Hubert & Leng, Xinqian
 
 
 
 
 THE UNIVERSITY OF QUEENSLAND 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
RESEARCH BULLETIN No. 26 
 
AUTHORS:  Hubert CHANSON and Xinqian LENG 
 
THERE IS SOMETHING FISHY ABOUT 
TURBULENCE - WHY NOVEL HYDRAULIC 
ENGINEERING GUIDELINES CAN ASSIST THE 
UPSTREAM PASSAGE OF SMALL-BODIED FISH 
SPECIES IN STANDARD BOX CULVERTS 
SCHOOL OF 
CIVIL ENGINEERING 
 
RESEARCH BULLETINS 
 
This bulletin is published by the School of Civil Engineering at the University of 
Queensland. Lists of recently-published titles of this series and of other publications 
are provided at the end of this report. Requests for copies of any of these documents 
should be addressed to the Civil Engineering Secretary. 
 
The interpretation and opinions expressed herein are solely those of the author(s). 
Considerable care has been taken to ensure accuracy of the material presented. 
Nevertheless, responsibility for the use of this material rests with the user. 
 
 
School of Civil Engineering 
The University of Queensland 
Brisbane QLD 4072 
AUSTRALIA 
 
 
Telephone: (61 7) 3365 4163 
Fax:  (61 7) 3365 4599 
 
URL: http://www.civil.uq.edu.au/ 
 
ISBN No. 798-1-74272-234-4 
First published in 2019 by 
School of Civil Engineering 
The University of Queensland, Brisbane QLD 4072, Australia 
 
 
© Chanson and Leng 
 
This book is copyright 
 
Open access published under the CC BY-NC-ND license 
https://creativecommons.org/licenses/by-nc-nd/4.0/ 
 
 
 
The University of Queensland, St Lucia QLD, Australia 
 There is Something Fishy about Turbulence 
Why Novel Hydraulic Engineering Guidelines can assist the 
Upstream Passage of Small-Bodied Fish Species in Standard Box 
Culverts 
by 
Hubert CHANSON 
Professor, The University of Queensland, School of Civil Engineering, Brisbane QLD 4072, 
Australia, Email: h.chanson@uq.edu.au 
and 
Xinqian LENG 
Research Fellow, The University of Queensland, School of Civil Engineering, Brisbane QLD 4072, 
Australia, Email: xinqian.leng@uqconnect.edu.au 
 
CIVIL ENGINEERING RESEARCH BULLETIN No. 26 
ISBN 798-1-74272-234-4 
The University of Queensland, School of Civil Engineering, 
March 2019 
 
 
Standard box culvert operation for a small (less-than-design) discharge along Witton Creek beneath 
Kate Street, Indooroopilly QLD, Australia on 15 October 2018 
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ABSTRACT 
Low-level river crossings, including culverts, are important for delivering a range of valuable socio-
economic services, including transportation and hydrological control. These structures are also 
known to have negative impacts on freshwater river system morphology and ecology, including the 
blockage of upstream fish passage, particularly small-body-mass fish species. Given the enormous 
environmental problems created by road crossings, new guidelines are proposed for fish-friendly 
multi-cell box culvert designs. The focus of these guidelines is on smooth box culverts without 
appurtenance, with a novel approach based upon three basic concepts: (I) the culvert design is 
optimised for fish passage for small to medium water discharges, and for flood capacity for larger 
discharges, (II) low-velocity zones are provided along the wetted perimeter in the culvert barrel, 
and quantified in terms of a fraction of the wetted flow area where the local longitudinal velocity is 
less than a characteristic fish speed linked to swimming performances of targeted fish species, and 
(III) the culvert barrel is smooth, without any other form of boundary treatment and appurtenance. 
The approach relies upon an accurate physically-based knowledge of the entire velocity field in the 
culvert barrel, specifically the longitudinal velocity map, given that behavioural observations  
showed that fish prefer to swim upstream in low-velocity zones (LVZs) next to the walls and 
bottom corners. While the focus of the guidelines is on the upstream passage of small-body-mass 
fish, typical of Australian native fish species, the approach and methodology are relevant to most 
standard box culvert structures. A new set of guidelines for the hydraulic engineering design of 
fish-friendly standard box culverts is detailed in which the culvert design is optimised for fish 
passage for water discharges Q < QT = 0.1Qdes, for which the LVZ represents 15% of the flow area 
where 0 < Vx < Ufish, with Vx the local time-averaged longitudinal velocity component and Ufish a 
characteristic swimming speed of targeted fish species. This document presents the fundamental 
concepts (Chapter 4), develops the basic methodology (Chapter 5), and regroups simple design 
guidelines (Chapter 6). A complete design application is later presented based upon a real-world 
case study (Chapter 7). 
 
Keywords: Standard box culverts, Upstream fish passage, Hydraulic engineering, Design 
guidelines, Small-body-mass fish, Low-velocity zone, Smooth culvert barrel. 
 iii 
TABLE OF CONTENTS 
 
   Page 
 
Abstract  ii 
Keywords  ii 
Table of contents iii 
List of symbols vi 
Disclaimer  ix 
 
Acknowledgments x 
Declarations of interest xi 
Sample citation for the peer-reviewed Civil Engineering Research Bulletin xii 
Contributing authors xiii 
 
 
1. Introduction 1-1 
 
2. Culvert design, construction and operation 2-1 
 2.1 Presentation 
 2.2 Catchment hydrology 
 2.3 Construction and soil mechanics considerations 
 2.4 Inspection 
 2.5 Maintenance 
 
3. Hydraulic engineering design of standard box culverts - Current practice 3-1 
 3.1 Presentation 
 3.2 Design method and procedure 
 3.3 Hands-on application 
 3.4 Practical considerations 
 
4. Hydraulic engineering design for small-body-fish passage in standard box culverts - 1. 
General concepts 4-1 
 4.1 Presentation 
 4.2 Basic concepts 
 4.3 Implementation of basic concepts 
 4.4 Discussion 
 
 iv 
5. Hydraulic engineering design for small-body-fish passage in standard box culverts - 2. 
Design methodology 5-1 
 51 Presentation 
 5.2 Design methodology 
 5.3 Discussion 
 
6. Hydraulic engineering design for small-body-fish passage in standard box culverts - 3. 
Guidelines 6-1 
 6.1 Presentation 
 6.2 Basic considerations 
 6.3 Application 
 6.4 Discussion 
 
7. Design application 7-1 
 7.1 Presentation 
 7.2 Case Study 
 7.3 Detailed application 
 7.3 Commentary and discussion 
 
8. Discussion 8-1 
 8.1 General commentaries 
 8.2 Boundary treatments 
 8.3 Box versus pipe culverts 
 
9. Conclusion 9-1 
 
 
APPENDICES 
Appendix A - Glossary of technical terms A-1 
 
Appendix B - Photographs of culvert structures B-1 
 
Appendix C - On catchment hydrology C-1 
 
Appendix D - Natural floodplain flow calculations D-1 
 
Appendix E - Hydraulic calculations of less-than-design flow in a box culvert E-1 
 
Appendix F - Physical modelling of fish passage in standard box culverts F-1 
 
 v 
Appendix G - Computational Fluid Dynamics (CFD) Modelling of fish friendly standard 
box culvert barrel G-1 
 
Appendix H - On laboratory studies of fish swimming in full-scale box culvert barrel H-1 
 
Appendix I - On alternatives to improve upstream passage of small-body-mass fish, 
including retrofitting I-1 
 
 
SUBJECT INDEX S-1 
 
 
REFERENCES R-1 
 Bibliography 
 Internet bibliography  
 Open Access Repositories  
 Bibliographic reference of the Research Bulletin No. 26  
 
 vi 
LIST OF SYMBOLS 
The following symbols are used in this report: 
A (1) channel cross-section area (m2); 
 (2) relative low-velocity-zone area: A = LVZ/(Bcelldbarrel); 
B channel width (m); 
Bcell internal width (m) of culvert barrel cell; 
Bmin minimum total internal barrel width (m); 
CChézy Chézy friction coefficient (m1/2.s); 
Dcell internal height (m) of culvert barrel cell; 
DH hydraulic diameter (m): DH = 4A/Pw; 
d water depth (m); 
dbarrel water depth (m) in the culvert barrel; 
dc critical flow depth (m); for a rectangular channel: 
 
2
3c
qd g  
dtw tailwater water depth (m); 
E specific energy (m): E = H - zo; 
f Darcy-Weisbach friction factor; 
g gravity acceleration (m/s2); in Brisbane, g = 9.794 m/s2; 
H total head (m); 
h afflux (m); 
hb triangular corner baffle height (m); 
hmax maximum acceptable afflux (m); 
Kout exit loss coefficient; 
ke entrance loss coefficient; 
ks equivalent sand roughness height (m); 
L length (m); 
Lb longitudinal spacing (m) between baffles; 
Lbarrel barrel length (m); 
Lculv entire culvert length (m); 
Lf total fish length (m); 
LVZ low-velocity zone cross-section area (m2), where 0 < Vx < Ufish, in the culvert barrel 
cell; 
mf fish mass (kg); 
Ncell number of (identical) culvert barrel cells; 
(Ncell)des number of culvert barrel cells for optimum hydraulic engineering design (i.e. flood 
capacity only); 
nGM Gauckler-Manning coefficient (s/m1/3); 
Pw wetted perimeter (m); 
 vii 
Q water discharge (m3/s); 
Qcell water discharge (m3/s) per barrel cell; 
Qdes design discharge (m3/s); 
Qmin minimum discharge (m3/s) for fish passage; 
QT threshold discharge (m3/s) for fish passage, only considered for Q < QT < Qdes; 
Q30 flow rate (m3/s) occurring no more than 30 days per year; 
Q330 flow rate (m3/s) occurring no more than 330 days per year; 
q water discharge per unit width (m2/s), or unit discharge: q = Q/B; 
Sf friction slope; 
So bed slope: So = sin; 
T water temperature (Celsius); 
T50% storm event period (s) during which the relative water level is larger than 50% of the 
maximum water elevation relative to the base flow level; 
Ufish characteristic fish swimming speed (m/s); 
(Ufish)min minimum characteristic fish speed (m/s) of a fish guild; 
V flow velocity (m/s); 
Vmean cross-sectional averaged velocity (m/s), also called bulk velocity; 
(Vmean)des design bulk velocity (m/s) in culvert barrel; 
Vx local longitudinal velocity component (m/s) positive downstream; 
x longitudinal distance (m) positive downstream; 
y transverse distance (m) positive towards the left sidewall; 
z vertical elevation (m) positive upwards; 
zo bed elevation (m); 
 
H total head loss (m); 
 water dynamic viscosity (Pa.s); 
 angle between bed and horizontal; 
 water density (kg/m3); 
 
Subscript 
barrel barrel flow conditions; 
cell barrel cell characteristics; 
des design flow conditions; 
entry barrel entry flow conditions; 
exit barrel exit flow conditions; 
f fish property; 
hw headwater conditions (i.e. upstream flood plain conditions); 
in inlet downstream end's flow conditions; 
tw tailwater conditions (i.e. downstream flood plain conditions); 
x longitudinal direction; 
 viii 
 
Superscript 
ic inlet control conditions; 
oc outlet control conditions; 
 
Abbreviations 
AEP annual exceedance probability; 
AM annual maximum; 
AMS annual maxima series; 
ARI average recurrence interval; 
ARR Australian rainfall and runoff 
CFD computational fluid dynamics; 
EY number of exceedances per year; 
LPVZ low positive velocity zone; 
LVZ low-velocity zone; 
NVZ negative velocity zone; 
POT peak-over-threshold; 
T.H.L. total head line; 
T.W.L. tailwater level; 
WWII World War Two. 
1D one-dimensional; 
2D two-dimensional; 
3D three-dimensional. 
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While every effort was made to ensure that material on this document is accurate and up to date 
(unless denoted as archived material), such material does in no way constitute the provision of 
professional advice. The contributors do not guarantee, and accept no legal liability whatsoever 
arising from or connected to, the accuracy, reliability, currency or completeness of any material 
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1. INTRODUCTION 
Low-level river crossings, such as culverts and causeways, are important for delivering a range of 
important socio-economic services, including transportation and hydrological control. These 
structures are also known to have negative impacts on freshwater river system morphology and 
ecology, including the blockage of upstream fish passage (WARREN and PARDEW 1998, 
ANDERSON et al. 2012). The manner in which waterway crossings block fish movement include 
perched outlet (1), high velocity and insufficient water depth in the culvert barrel, debris 
accumulation at the culvert inlet, and standing waves in the outlet or inlet (BEHLKE et al. 1991, 
OLSEN and TULLIS 2013), and it is closely linked to the targeted fish species. For small weak-
swimming fish species, the upstream traversability of the culvert barrel is too often a major 
obstacle, especially because of the high water velocities. In order to restore upstream fish passage in 
culverts over the widest extent possible, the thrust of this report is to apply a physically-based 
design methodology to yield cost-effective culvert structures, with the aim to maintain and restore 
waterway connectivity for a range of small-bodied and juvenile native fish species. 
Freshwater fish species constitute about one quarter of all living vertebrates, and are considered an 
at-risk group due to deleterious habitat impacts. In Australia, for example, there are about 250 
freshwater fish species, with approximately 30% listed as threatened under State and 
Commonwealth legislations (ALLEN et al. 2002, LINTERMANS 2013). The negative effects of 
river crossings on freshwater fish species have been well documented in the literature (WARREN 
and PARDEW 1998, BRIGGS and GALAROWICZ 2013). Culvert structures create physical or 
hydrodynamic barriers that often prevent or reduce access to essential breeding and feeding 
habitats. The direct consequences of losing access to and fragmentation of river habitats on fish 
encompass reduced recruitment, restricted range size, and changes in fish population composition 
(DYNESIUS and NILSSON 1994, O'HANLEY 2011). Apart from impeding fish passage, road 
crossing barriers can act in other disruptive ways. Examples include modified suspended and bed 
load sediment transport, changes in river substrate composition, morphology and nutrients, and 
modification of large woody debris supply (HOTCHKISS and FREI 2007). The resulting 
environmental changes can extend along the river reaches in both the downstream and upstream 
directions, including the creation of conditions potentially favourable to the establishment and 
development of non-native invasive species (OLSON and ROY 2002, MILT et al. 2018). The end 
result could be a reorganisation of the riverine biophysical structure, most often associated with a 
reduction in the numbers and diversity of native fish species (O'HANLEY 2011). 
                                                 
1 That is, an excessive vertical drop at the culvert exit. 
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A culvert is a covered channel designed to pass flood waters, drainage flows, natural streams 
through embankment structures, e.g. roadway, railroad (Fig. 1-1). The cross-sectional shape of the 
culvert barrel may be circular (pipe) or rectangular (box and multi-cell box), and may be designed 
as a single cell or multiple cell structure. Appendix A details a glossary of technical terms. 
Appendix B presents a wide range of culvert applications. In terms of hydraulic engineering, a box 
culvert is basically a covered rectangular channel, with a converging section at the entrance, called 
the inlet, and a diverging section at the exit, called the outlet. The culvert channel is typically 
narrower than the natural river channel. The narrowest part of the culvert is the barrel or throat. 
Sometimes, rectangular cells are placed side-by-side to increase the discharge capacity, i.e. a 
multicell box culvert. Figures 1-1A and 1-1B present typical examples of multicell box culverts, 
and further examples are illustrated in Appendix B. Figure 1-2 shows some culvert operation for 
medium to large discharges. In one case (Fig. 1-2A), the road embankment was overtopped and the 
discharge at the time of the photograph was larger than the design discharge (2). 
During operation, the fluid flow motion in a culvert is complicated because of the boundary 
conditions and flow turbulence. The prediction of the fluid dynamics is challenging owing to the 
broad range of culvert shapes and designs (Fig. 1-1 & 1-2, Appendix B). For discharges up to the 
design discharge, the culvert structure should operate as a free-surface flow. Open channel fluid 
dynamics is intricate because of the complicated interactions between the water and a number of 
mechanisms including the boundary friction, gravity and turbulence (ROUSE 1938, CHOW 1959, 
HENDERSON 1966). Traditionally, open channel flows have been modelled based upon one-
dimensional depth-averaged equations, which predict the mean flow properties, i.e. the bulk 
velocity Vmean and water depth d. The approach encompasses a fair level of empiricism: "this simple 
1D approach is clearly problematic" (MORVAN et al. 2008, p. 192). In relation to upstream fish 
passage, by far a most pertinent flow property is the velocity distribution in the vicinity of solid 
boundaries, given that small fish predominantly swim upstream next to the bottom corners and 
sidewalls (BLANK 2008, JENSEN 2014, KATOPODIS and GERVAIS 2016, WANG et al. 2016a, 
CABONCE et al. 2019). A complete characterisation of the velocity field requires a detailed 
investigation which may be undertaken physically in laboratory, numerically using computational 
fluid dynamics (CFD), and possibly theoretically for a few simplistic cases. Laboratory 
measurements must be based upon a large number of data points to characterise the main stream, 
boundary regions (i.e. next to bed and walls), and secondary flows, e.g. more than 250-300 
                                                 
2 The design discharge is derived from a system analysis of the catchment hydrology and hydraulics in 
relation to the purpose of the culvert (Chapter 3). At design flow, the embankment should not be overtopped 
and the barrel should operate as a free-surface flow. 
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sampling points per cross-section for a given flow rate as in the studies of WANG et al. (2018) and 
CABONCE et al. (2018,2019). Although the implementation of complex three-dimensional (3D) 
CFD models in aeronautics and industrial flows has become common (ROACHE 1998, RIZZI and 
VOS 1998), the application of this approach is much more recent in open channel flows, with 
inherent difficulties in applying 3D CFD to free-surface flows, e.g. the air-water interface, 
complicated geometry and roughness definition (RODI et al. 2013, KHODIER and TULLIS 2018, 
ZHANG and CHANSON 2018). Appendix G discusses more specifically the application of 3D 
CFD to fish friendly box culvert barrel modelling. 
 
 
(A) Culvert inlet below Kate Street, Indooroopilly QLD, Australia on 15 October 2018 
 
(B) Outlet of three-cell standard box culvert along Marom Creek beneath Bruxner highway B60 at 
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Wollongbar NSW, Australia on 15 March 2018 
 
(C) Culvert along the Enshu Coast, Japan on 21 November 2008 
Fig. 1-1 - Photographs of standard box culverts 
 
 
(A) Submerged culvert road embankment in the Coomera River catchment QLD on 31 March 2017 
following tropical cyclone Debbie - Runoff from right to left 
Fig. 1-2 - Culvert operation in eastern Australia 
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(B) Culvert inlet operation during Norman Creek flood on 21 December 2001, Greenslopes QLD, 
Australia - Culvert beneath Cornwall Street 
 
(C) Culvert operation (barrel entrance) during Norman Creek flood on 20 May 2009, Greenslopes 
QLD, Australia - Culvert beneath Ridge Street 
Fig. 1-2 - Culvert operation in eastern Australia 
 
In natural rivers and hydraulic structures, including culverts, water in motion is turbulent. Turbulent 
flows are characterised by an unpredictable pseudo-random behaviour, strong mixing properties and 
a broad spectrum of length and time scales (ADRIAN and MARUSIC 2012). The fluid particles 
move in very irregular paths, causing an exchange of momentum from one portion of the fluid to 
another. Although the turbulence may be analysed in terms of the statistical properties of the 
velocity components, the turbulence scales are of interest in addition to the turbulence intensity and 
statistical moments of the turbulent velocity fluctuations. Turbulent vortical structures span over a 
wide hierarchy of scales, which are all important to turbulent flow science. Despite the recent 
advances in hydrodynamics of culverts, there remains a gap between our knowledge of the 
characterisation of turbulence and our understanding of its role on biotic communities. Leading 
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scholars stressed the challenge, specifically the need for "a better understanding of the relationship 
between the turbulent properties and [their] influence on individual organisms and ecological 
communities" [...] "to effectively integrate hydraulically realistic information with ecological data" 
(MADDOCK et al. 2013, p. 432). Several researchers have pointed to the absence of standardised 
fish swimming tests and data interpretation relevant to engineering design (KEMP 2012, 
KATOPODIS and GERVAIS 2016), and the "inconsistent metrics in the published literature" 
(KEMP 2012, p. 404). Yet there is a physically-based relationship between the local longitudinal 
velocity and the (mechanical) power and energy required by fish to swim upstream against the 
discharge (WANG and CHANSON 2018a). This aspect is discussed in more length in Appendix H. 
Let there be no qui pro quo: a sound linkage between biology and engineering is a fundamental 
requirement to advance our understanding of fish-friendly culvert design.  
Given the deleterious environmental problems created by road crossings, it is not surprising that 
various culvert design guidelines (e.g. FAIRFULL and WITHERIDGE 2003, HUNT et al. 2012) 
have been developed to facilitate upstream fish passage in culverts (see Table 1-1), albeit not 
always successfully. Recent field and laboratory works have yielded markedly different 
recommendations (Table 1-2). Relatively little work has been published regarding the development 
of systematic design methods for cost-efficient fish-friendly culverts, to deliver continuous fish 
connectivity over wide geographic areas. In most cases, the design methods have focused 
predominately on baffle installation and boundary roughening along the culvert barrel invert to slow 
down the water velocity, although the additional flow resistance can reduce drastically the culvert 
discharge capacity for a given afflux (LARINIER 2002, OLSEN and TULLIS 2013). Such a 
reduction in culvert capacity markedly increases the total cost of the culvert for a design discharge 
and maximum acceptable afflux. Only a few studies examined robust engineering-based methods 
(e.g. PAPANICOLAOU and TALEBBEYDOKHTI 2002, HOTCHKISS and FREI 2007, OLSEN 
and TULLIS 2013). 
Existing culvert guidelines for upstream fish passage are typically based upon a number of simple 
criteria, including bulk velocity and minimum water depth (Table 1-1). In Table 1-1, one could note 
the restrictive nature of some guidelines. Most are unsuitable for the passage of small-bodied fish 
and yield expensive culvert structures. Figure 1-3 illustrates a multicell box culvert, recently 
renovated to provide fish passage, albeit using a complicated and relatively expensive approach. In 
this report, new guidelines are proposed for fish-friendly multi-cell box culvert designs. The focus 
is on box culverts, with a novel approach based upon three basic concepts: (A) the culvert design is 
optimised for fish passage for small to medium water discharges, and for flood capacity at larger 
discharges, (B) low-velocity zones are provided along the wetted perimeter in the culvert barrel, and 
quantified in terms of a fraction of the wetted flow area where the local longitudinal velocity is less 
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than a characteristic fish speed linked to swimming performances of targeted fish species, and (C) a 
smooth box culvert barrel is designed without appurtenance. The approach relies upon an accurate 
physically-based knowledge of the entire velocity field in the barrel, specifically the longitudinal 
velocity map, since a number of fish behaviour observations showed that small-bodied fish swim in 
low-velocity zone (LVZ) boundaries (Appendix H). The targeted fish species are small-bodied (less 
than 100 mm long) and juvenile native fish species, although the approach and methodology are 
general and applicable to other fish guilds. 
 
 
(A) Inlet on 26 September 2018, with the low flow cell on the left of the photograph 
 
(B) Outlet on 21 April 2018 with the fish-friendly rock ramp on the right of the photograph 
Fig. 1-3 - Retrofitted box culvert outlet with fish-friendly low-flow cell along Slacks Creek in 
Logan QLD, Australia in 2018, looking upstream at the outflow channel (foreground right) and 
culvert outlet - The culvert inlet, left barrel cell and outflow channel were retroffited to facilitate 
fish passage at low flow, at an estimated cost of A$125,000 
 
This report develops basic hydraulic engineering guidelines for the design of fish-friendly standard 
box culverts. While the focus is on the upstream passage of small-body-mass fish, including 
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juveniles of larger-bodied fish, typical of Australian native fish species, the approach and 
methodology are relevant to most box culvert structures. Chapter 2 develops a number of 
engineering considerations relevant to the design and construction of standard culverts. Chapter 3 
presents current practices for the hydraulic engineering design of standard box culverts, aimed to 
optimise the culvert structure for its design flow conditions. Chapters 4, 5 and 6 detail a new 
approach for the hydraulic engineering design of fish-friendly standard box culverts. Chapter 4 
presents the fundamental concepts, Chapter 5 expands the basic methodology and Chapter 6 
regroups some simple basic design guidelines. Chapter 7 shows a complete design application. 
Chapter 8 discusses practical considerations relevant to fish-friendly box culvert designs. 
Appendix A develops a detailed glossary of technical terms. Appendix B presents a selection of 
photographs of culvert structures, bridges and flood plains. Appendix C discusses hydrological 
considerations. Appendix D details hydraulic engineering calculations of flood plains. Appendix E 
presents hydraulic engineering calculations of standard culvert operation with outlet control for 
less-than-design discharges. Appendix F discusses the intricacies of physical modelling of fish 
passage in culverts. Appendix G presents the computational fluid dynamics (CFD) modelling of 
fish-friendly standard box culverts. Appendix H details recent laboratories studies of fish swimming 
in a near-full-scale box culvert barrel channel. Appendix I develops a few alternatives to improve 
upstream passage of small-body-mass fish, including retrofitting. The report ends with a subject 
index and a list of bibliographic references. 
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Table 1-1 - Design guidelines for freshwater fish passage in standard culverts 
 
Reference Country & 
Region 
Targeted fish species Design criteria Flow conditions 
FAIRFULL and 
WHITERIDGE (2003) 
Australia  Depth > 0.2-0.3 m 
Vmean < 0.3 m/s for d < 0. 5 m 
Smooth culvert 
BATES et al. (2003) USA, 
Washington 
Trout, pink salmon, chum salmon, 
chinook, coho, sockeye, steelhead 
Depth > 0.24 to 0.30 m 
Vmean < 0.61 to 1.83 m/s 
Smooth culvert 
CAHOON et al. 
(2007) 
USA, Montana Yellowstone cutthroat trout 
(Oncorhynchus clarkii bouvieri), 
rainbow trout (Oncorhynchus mykiss) 
Vmean < 1.9-2.7 m/s Box culvert geometry 
KILGORE et al. 
(2010), SCHALL et 
al. (2012) 
USA  Minimum water depth for  
Q > Qmin 
Maximum bulk velocity for Q < 
Qhigh 
Qmin < Qhigh < Qdes 
COURRET (2014) France Trout, European bullhead (Cottus 
gobio), brook lamprey (Lampetra 
planeri), spined loach (Cobitis taenia), 
common minnow (Phoxinus phoxinus), 
eel, crayfish 
Baffles, macro-roughness From drought to 2-3 
times the mean annual 
discharge 
DWA (2014) Germany European species 
incl. barbel, brown trout, eel, grayling, 
salmon, ... 
Vmean < Ufish 
Depth > 2.5Fish height 
Baffles/crossbars, macro-
roughness 
Q330 < Q < Q30 each 
year 
Present study Australia Small-bodied fish species and juvenile 
of larger fish 
(Lf < 100 mm, Ufish < 0.6 m/s) 
LVZ: 0 < Vx < Ufish 
A  15% for Q  QT = 0.1Qdes 
DL  35 mm 
Smooth box culvert 
Q  QT < Qdes 
QT = 0.1Qdes 
 
Notes: A: relative low velocity zone (LVZ) area; Lf: total fish length; Q: water discharge; QT: threshold discharge; Q30: flow rate occurring no more 
than 30 days per year; Q330: flow rate occurring no more than 330 days per year; q: unit discharge; So: bed slope; Ufish: characteristic fish swimming 
speed; Vmean: bulk velocity; Vx: local fluid velocity; z: vertical elevation above the invert. 
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Table 1-2 - Observations and derived recommendations for freshwater fish passage in standard culverts 
 
Reference Country & 
Region 
Targeted fish species Design criteria Flow conditions Type of study 
CHORDA et al. 
(1995) 
France  Baffles So = 0.01 to 0.05 Laboratory work. 
GARDNER 
(2006) 
USA, North 
Carolina 
Bluehead chub (Nocomis 
leptocephalus), redbreast Sunfish 
(Lepomis auritus), Johnny Darter 
(Etheostoma nigrum), bluegill (Lepomis 
macrochirus), margined madtom 
(Noturus insignis), swallowtail shiner 
(Notropisprocne) 
Vmean < 0.55 m/s Smooth culvert Laboratory work. 
Box culvert geometry. 
BLANK (2008) USA, 
Montana 
Yellowstone cutthroat trout 
(Oncorhynchus clarkii bouvieri) 
Vx(z = 0.06 m) < 1 to 2 m/s 
q < 0.4 to 0.57 m2/s 
Base flow: 0.28 m3/s 
So = 0.02 to 0.05 
Field observations. 
Box culvert geometry. 
MONK and 
HOTCHKISS 
(2012) 
USA, Utah Leatherside chub (Lepidomeda aliciae), 
speckled dace (Rhinichthys osculus) 
Vx(z = 0.02 m) < Ufish Lbarrel ~ 20 m 
0.5 < Q < 1.6 m3/s 
0.073 < q < 0.24 m2/s 
Field observations. 
Box culvert geometry. 
 
Notes: d: water depth; Lbarrel: barrel length; Q: water discharge; So: bed slope; Vmean: bulk velocity; Vx: local longitudinal velocity; z: vertical elevation 
above the invert. 
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2. CULVERT DESIGN, CONSTRUCTION AND OPERATION 
2.1 PRESENTATION 
Hydraulic design factors require considerations of some aspects of hydrology, construction, 
inspection and maintenance. During the design stages, discharge estimates are required for the 
evaluation and determination of the culvert capacity. Construction methods and schedules should 
consider the hydrology of the catchment, the hydraulic characteristics of the stream, and the impact 
of culvert construction on its environment. During culvert inspections, problems and deficiencies 
must be recognised, documented and drawn to the attention of the relevant specialists. The 
maintenance and services of culverts must include the removal of sediments and debris obstructing 
the waterway. The best designs of culvert structures are often obtained when there are a close 
collaboration and interactions between the design and construction teams, as well as the asset 
operator. In many instances, the initial designs of foundations, culvert barrel and embankments may 
be modified to some degree to address construction constraints, schedule and overall costs. 
The followings sections are intended for standard box culverts along small to medium streams 
beneath two lane roads. Longer or wider culvert structures may require special requirements for 
design, construction, inspection or maintenance, that are outside of the scope of this document. 
 
2.2 CATCHMENT HYDROLOGY 
Engineering hydrology deals with the relationship between rainfall and runoff discharge. Figure 2-1 
illustrates the observed response of a small catchment to a relatively intense storm event. At the 
beginning of the rainstorm event, the rainfall runoff was initially intercepted by the vegetation of 
the dry catchment and infiltrated into the ground, and a period of time passed before the creek 
began to rise. Once the catchment, entirely or partially, became saturated, the rainfall started to 
contribute directly to the river discharge. In terms of hydraulic engineering, the design of a culvert 
is based upon predicted catchment outflows for specified design storms. The discharge estimates are 
used to dimension the required culvert structure and to assess its impact on the upstream and 
downstream catchments, e.g. in terms of the afflux (1) at design flow rate. 
Stream flow analyses may be divided into three categories: (a) statistical frequency analyses of 
gauged stream flow data, (b) runoff modelling based upon rainfall data as input and (c) empirical 
methods, e.g. the rational method. Whatever the method(s) used to derive the design discharge, the 
engineers must take into account the risks of losses of life and property associated with potential 
exceedance of the design discharge selection, and act accordingly in a conservative and professional 
                                                 
1 A glossary of technical terms is developed in Appendix A. 
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manner. 
In Australia, the Australian rainfall and runoff (ARR) provides a national guideline document, data 
and software suite for the estimation of design flood characteristics (BALL et al. 2016) (2). 
Appendix C discusses further considerations on catchment hydrology. 
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Fig. 2-1- Rainfall intensity across the catchment and runoff discharge hydrograph during a flood 
event on 9 March 2001 at Holland Park East station in upper Norman Creek catchment QLD, 
Australia (catchment area: 8.5 km2) - Data: YU et al. (2007) 
 
2.3 CONSTRUCTION AND SOIL MECHANICS CONSIDERATIONS 
The safety of the embankment depends to a large extent upon the stability of the culvert structure. 
Any leakage or failure of the culvert conduit may cause openings through the embankment which 
may progressively develop until its partial or complete failure. Percolation is also possible along the 
contact surface between the culvert's outer shell and the earthfill embankment, resulting in serious 
damage. Another challenge is the possibility of structural collapse of the conduit, which would 
result in the failure of the embankment. There are different types of culvert construction, and Figure 
2-2 presents the main types of box culvert units. Figure 2-3 illustrates details of prototype 
structures. 
In practice, the conduit joints must be watertight to prevent leakage into the surrounding earthfill. 
Joints between precast concrete units should be butt joints (Australian Standard 2010,2013). With 
prefabricated units, the methods of bedding and backfilling the conduit should preclude unequal 
                                                 
2 See Internet bibliography at the end of the list of references. 
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settlement and ensure an uniform load distribution on the foundation. Extreme care should be taken 
to secure tight contact between the fill and the conduit's outer surface. This is critical to prevent 
percolation along the culvert unit's outer shell as well as to ensure that the fill develops a lateral 
restraint, preventing excessive stresses on the shell (USBR 1987). For long culvert barrel, cutoff 
collars may be considered to reduced seepage and the risks of piping around the conduit shell, 
although there are other mitigation methods. Cutoff collars are typically located between joints in 
the conduit. 
With precast concrete units, the culvert must be set carefully on a good foundation, often bedded in 
concrete. The concrete base prevents seepage along the underside of conduit and supports the boxes 
both laterally and longitudinally. With U-shaped units and one piece culvert units, their base must 
be supported by a bed zone layer (Australian Standard 2010,2013) (Fig. 2-2). 
Finally the embankment may be overtopped during exceptional flood events and it must be 
designed accordingly (CIRIA 1987). 
 
 
Fig. 2-2 - Construction details of box culverts 
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(A) Multicell inverted U-shaped barrel, in Salisbury QLD, Australia on 19 July 2018 - Culvert inlet  
along Stable Swamp Creek beneath Musgrave Road 
 
(B) Multicell culvert structure with link slabs supported by adjacent units, along Gin House Creek, 
Carrara QLD, Australia on 5 December 2007 - Outlet and details of right cell used as pedestrian and 
cyclist path in dry season 
Fig. 2-3 - Photographs of different type of culvert construction 
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(C, Left) One-piece unit, along Norman Creek QLD, Australia 
(D, Right) Precast concrete box element (U-shaped crown unit) - The 1200 mm  600 mm element 
weighted 2190 kg 
Fig. 2-3 - Photographs of different type of culvert construction 
 
2.4 INSPECTION 
Culvert structures must be inspected systematically at regular intervals. Timely maintenance works 
may reduce the risk of severe damage and failure of a culvert, including  during an extreme event 
(3). Evidences of hydraulic issues may occur in various sub- and super-structure components, e.g., 
road cracks might indicate differential settlement of a barrel cell. When foundation problems are 
suspected, geotechnical, structural and hydrotechnical experts must be involved as part of the 
inspection and assessment process. If the inspection suggests the possibility of dangerous 
conditions, asset owners and managers must be informed, and embankment (e.g. road) closure 
might be necessary so that remedial works can be started promptly. 
 
2.5 MAINTENANCE 
Culvert maintenance  regroups works done on a regular basis as well as in an emergency situation 
to maintain the integrity of the culvert and embankment, and protect against future flood events. 
                                                 
3 On 8 June 2007, five people were tragically killed when their car was swept away as a culvert beneath the 
old Pacific Highway near Gosford NSW (Australia) collapsed during a major flood of Piles Creek. The lack 
of maintenance was blamed by the coroner. 
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Maintenance must be closely linked to inspection and design, as feedback from inspection and 
maintenance teams can reduce problems in future designs. The maintenance of culvert structures 
encompasses the removal of sediments and debris obstructing the waterway, in particular upstream 
of the culvert and in the culvert inlet and barrel (Fig. 2-4). Recurring issues may be scour and 
erosion during flood events. These problems should be considered during the design stages, and 
could sometimes be eliminated during construction, e.g. with the addition of an apron in the outlet. 
A related challenge is the frequency of embankment overtopping in relation to the traffic on the 
embankment, e.g., when the traffic increases with a denser population in the area. The hydraulic 
implications should then be investigated carefully, e.g. raising the embankment could cause adverse 
impacts with liability implications. 
 
  
(A, Left) Inlet of 3-cell box culvert blocked by large tree logs and branches, along Marom Creek 
beneath Bruxner highway B60 (Wollongbar NSW, Australia) on 18 October 2016 
(B, Right) Box culvert inlet blocked by a large amount of debris in Aachen, Germany in May 2018 
Fig. 2-4 - Obstruction of culverts 
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(C) Sedimentation in a box culvert in Salisbury QLD, Australia - Sediment removal from culvert 
along Rocky Water Hole beneath Gladstone Street on 19 July 2018 
Fig. 2-4 - Obstruction of culverts 
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3. HYDRAULIC ENGINEERING DESIGN OF STANDARD BOX CULVERTS 
- CURRENT PRACTICE 
3.1 PRESENTATION 
During the design of a culvert, the primary constraints are (1) passing the design flood while 
maintaining an appropriate level of freeboard below the embankment roadway,  and (2) keeping the 
total cost to a minimum and the afflux as small as possible (HERR and BOSSY 1965, CHANSON 
1999a,2004). The afflux (1) is the rise in upstream water level during a flood, caused by the 
presence of the culvert structure; it constitutes a quantitative measure of the upstream flooding 
induced by the culvert. Within current engineering design practices, the basic hydraulic 
characteristics of a culvert are its design discharge Qdes and the maximum acceptable afflux hmax at 
design flow. The design discharge and corresponding water level in the natural stream in absence of 
culvert structure are deduced from the hydrological and hydraulic engineering data of the site, in 
relation to the purpose of the culvert (Appendices C and D). The afflux must be minimised to 
reduce flooding in the upstream catchment as well as the risks of embankment overtopping (Fig. 3-
1). The hydraulic design is fundamentally an optimisation between the discharge capacity, afflux 
and total cost of the culvert. Most culverts are designed to operate as open channel systems for 
discharges up to and including the design discharge Qdes. While a key objective is to keep the cost 
of the culvert to a minimum, some consideration must be given to keep the head loss and afflux 
small, and to avoid downstream scour at the culvert outlet, e.g. using some scour protection 
measures (HEE 1969, QUDM 2016). 
For standard culverts, the traditional engineering design procedure consists of two successive 
stages. First a complete system analysis must be carried out to ascertain the culvert function(s), the 
design data, and the design constraints. The first part results in the selection of the design rainfall 
and runoff event, e.g. a 20% annual exceedance probability (AEP) storm, with an estimate of the 
corresponding design flow rate Qdes. The maximum acceptable afflux hmax at design discharge is 
typically selected by the asset owner based upon an assessment of the culvert impact, e.g. on the 
catchment and embankment. During the second stage, the culvert barrel cross-section area is 
selected by an iterative procedure, in which both inlet control and outlet control calculations are 
conducted. In hydraulic engineering, inlet control implies that the hydraulic control is located at the 
entrance of the barrel, e.g. critical flow conditions take place in a barrel with free-surface inlet (Fig. 
3-2). Outlet control means that the culvert flow is controlled at the outlet, i.e. by the tailwater flow 
conditions. The optimum size is the smallest barrel size allowing for inlet control operation (HERR 
                                                 
1 A glossary of technical terms is developed in Appendix A. 
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and BOSSY 1965, CHANSON 1999a,2004). If the iterative calculations do not converge to a 
satisfactory solution, the system analysis, i.e. the first stage, must be reconsidered. 
 
 
(A) Road overtopping on Tuesday 11 January 2011 afternoon 
 
(B) Dry road on 17 January 2011 
Fig. 3-1 - Haigslee-Fernvale road culvert embankment overtopping - Runoff flow direction from 
left to right 
 
3.2 DESIGN METHOD AND PROCEDURE 
The barrel size is selected by a test-and-trial procedure. The key output of the iterative calculations 
is the minimum internal barrel width Bmin to achieve inlet control. The construction cost may be 
optimised using a multi-cell culvert of precast rectangular box elements, and the number of cells 
Ncell becomes the basic output (Fig. 3-2). Other relevant parameters include the bed slope So and the 
tailwater depth dtw. The bed slope is directly proportional to the natural drop in bed elevation along 
the culvert length, which would be equal to the maximum acceptable head loss for a zero afflux 
design. Indirectly the bed slope affects the tailwater depth. The tailwater depth is linked to the 
topography of the downstream catchment, e.g. shape, longitudinal slope, boundary roughness, 
possibly tailwater effects (Appendix D). In a number of cases, the tailwater depth is equal to or 
close to the uniform equilibrium flow depth in the downstream flood plain for the design discharge 
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assuming a mild slope. More generally, basic hydraulic calculations are conducted assuming 
implicitly a mild slope, for which both gradually-varied flow and uniform equilibrium flow 
conditions correspond to a subcritical flow motion (Appendices D and E). 
Finally a multicell culvert structure is basically designed assuming a number Ncell of identical cells. 
Implicitly the calculations assume the same water discharge in each cell, i.e. Qcell = Q/Ncell, for all 
discharges. 
 
 
Fig. 3-2 Definition sketch of a standard multicell box culvert operation 
 
Discharge calculations 
The discharge capacity of a culvert barrel is primarily related to the free-surface flow pattern 
(HERR and BOSSY 1965, HEE 1969). When free-surface critical flow takes place in the barrel at 
design flow, the discharge is fixed only by the entry conditions, i.e. inlet control. With culvert 
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barrels flowing full, the discharge is controlled by the downstream flow conditions, i.e. outlet 
control. 
For relatively short box culverts in which the discharge is controlled by the inlet conditions, the 
discharge capacity may be estimated based upon theoretical considerations (HENDERSON 1966): 
 3/2des D hw hw
min
Q 2 2C g (H z )B 3 3       for 
hw hw
cell
H z 1.2D
   (3-1) 
 des cell hw hw cell
min
Q C D 2 g (H z C D )B          for 
hw hw
cell
H z 1.2D
   (3-2) 
where Bmin is the internal barrel width (2), Dcell is the internal barrel height and the subscript hw 
refers to the headwater conditions (Fig. 3-2). Equation (3-1) is a direct application of the Bernoulli 
principle for a free-surface inlet flow, and CD equals 1 for rounded vertical inlet edges and 0.9 for 
square-edged inlet. Equation (3-2) is an application of the sluice gate solution of the Bernoulli 
principle for submerged inlet conditions and free-surface barrel flow, with C equal to 0.6 for 
square-edged soffit and 0.8 for rounded soffit. 
Nomographs may be alternately used to calculate the barrel's discharge capacity (e.g. US Bureau of 
Reclamation 1987, Concrete Pipe Association of Australasia 1991,2012, CHANSON 1999a,2004). 
Figures 3-3 and 3-4 present nomographs to compute the characteristics of box culverts with inlet 
control and drowned barrel (3), respectively. Further a number of hydraulic design software 
packages, such as HEC‐RAS and SWMM, incorporate the culvert design equations. 
 
                                                 
2 For a multicell box culvert, Bmin = NcellBcell. 
3 At design discharge (Q = Qdes), a culvert operating with outlet control often presents a drowned barrel. 
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Fig. 3-3 - Hydraulic calculations of dimensionless headwater total head above invert bed (Hhw-
zhw)/Dcell for box culverts with inlet control (Concrete Pipe Association of Australasia 2012, p. 31) 
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Fig. 3-4 - Hydraulic calculations of total head losses for concrete box culverts flowing full 
(Concrete Pipe Association of Australasia 2012, p. 33) 
 
Hydraulic design procedure 
The calculations of the culvert barrel size are iterative (HERR and BOSSY 1965, Concrete Pipe 
Association of Australasia 1991,2012, CHANSON 1999a). The iteration steps include: 
(1) First the barrel and element dimensions are selected, e.g. barrel length Lbarrel, precast box 
internal dimensions (Bcell, Dcell). 
(2) Next, assuming inlet control conditions, the estimate of the upstream total head Hhw(ic) 
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corresponding to the design discharge Qdes is undertaken. The calculations may be based upon 
formulae or design charts, and these are repeated for different barrel sizes (e.g. number of cells) 
until the upstream total head Hhw(ic) with inlet control fulfil the design specifications in terms of 
maximum acceptable afflux hmax. 
(3) Then, assuming outlet control conditions, design charts (Fig. 3-4) are used to estimate the head 
loss H from the culvert inlet to culvert outlet for the design discharge Qdes. The upstream total 
head Hhw(oc) is then Hhw(oc) = Htw + H, where  Htw is the downstream, tailwater total head. 
(4) The inlet and outlet control results are compared: Hdes = Hhw(ic)   Hhw
(oc) ? (4) The larger value 
controls the culvert flow operation. When the inlet control design head Hhw(ic) is larger than Hhw(oc), 
inlet control operation is confirmed and the barrel size is correct. In the negative, Hhw(ic) < Hhw(oc) 
and outlet control operation takes place. The barrel size must be increased and the outlet control 
calculations are repeated with a larger barrel until the afflux with outlet control is less than the 
maximum acceptable afflux hmax at design discharge Qdes. 
(5) The free-board in the culvert barrel is checked for a minimum clearance of about 20% between 
the water surface and obvert (5). With inlet control, the water depth is about critical in the barrel and 
the relative free-board is (Dcell-dc)/Dcell, where Dcell is the internal barrel height and dc is the critical 
flow depth in the barrel at design flow (6). If the free-board is less than 20%, a wider or taller barrel 
may be considered and the iterative calculations are repeated. 
 
3.3 HANDS-ON APPLICATION 
A complete design application is detailed in Chapter 7 (section 7.3.1). In the following paragraphs, 
hands-on considerations are developed to complement the previous section. Readers may refer to 
section 7.3.1 for an example of calculations based upon a real-world case study. 
In absence of a culvert structure, the flow depth in the flood plain at design flow conditions 
corresponds to a subcritical flow motion for most situations on a mild slope (Appendix D). When 
the flood plain flow is subcritical, the flow conditions correspond to the culvert's tailwater flow 
conditions. At design flow, the tailwater specific energy is: 
                                                 
4 Inlet and outlet control results may also be compared in terms of the corresponding afflux. However the 
culvert hydraulics is driven by energy considerations and a comparison in terms of the headwater total head 
Hhw is more pertinent. 
5 The obvert or soffit is the roof of the culvert barrel (Appendix A). 
6 Critical flow conditions correspond to a maximum discharge per unit width in the barrel, allowing for a 
minimum internal barrel with. 
3-8 
 
2 2
tw des
tw tw tw 2
tw
V QE d d2 g 2 g A       (3-3) 
where A is the river channel flow cross-section area for the water depth d and the subscript tw refers 
to the tailwater conditions. 
With zero afflux, the upstream and downstream flow depths are both equal to dtw, and the culvert 
barrel will operate with inlet control conditions. Outlet control calculations are not required then. 
With a maximum acceptable afflux hmax > 0, the upstream flow depth is dhw = dtw + hmax and the 
corresponding upstream specific energy is: 
 
2 2
hw des
hw hw hw hw tw max 2
hw
V QE H z d d h2 g 2 g A          (3-4) 
where the subscript hw refers to the headwater conditions. 
First the inlet control calculations are conducted. The input variables are the internal barrel height 
Dcell, the upstream specific energy Ehw and possibly the inlet wingwall configuration. The output is 
the discharge per unit width qdes (Fig. 3-3). The minimum internal barrel width is then: Bmin = 
Qdes/qdes. For a multicell culvert structure with identical cells of internal width Bcell, the number of 
cells Ncell is the smallest integer value larger than Bmin/Bcell. Conversely, for a structure made of Ncell 
identical barrel cells, the design chart (Fig. 3-3) gives the expected afflux (7). 
Second the outlet control calculations are performed. The input data are the barrel's internal cross-
section area Abarrel, the barrel length Lbarrel, an entrance loss coefficient (e.g. ke = 0.5) and the water 
discharge Qdes (8). The calculation output is the head loss H (Fig. 3-4). The upstream total head 
with outlet control is then Hhw(oc) = Htw + H. In first approximation, the afflux may be estimated 
as: H - LculvSo, where Lculv is the total culvert length measured from inlet lip to outlet lip, and So 
is the longitudinal bed slope (So = sin). 
If the afflux is greater with outlet control than for inlet control operation, the barrel size must be 
increased and the outlet control calculations are repeated until the outlet control afflux is smaller 
than the maximum acceptable afflux hmax at design flow conditions (HERR and BOSSY 1965, pp. 
5-17; CHANSON 2004, p. 454). Inlet control calculations do not need to be checked, since the 
smaller size was satisfactory for this control as determined under the first step. 
Finally the free-board in the barrel is checked. 
 
                                                 
7 The expected afflux is typically less than hmax for a multicell structure since NcellBcell > Bmin. 
8 For a multicell culvert structure, outlet control calculations may be conducted for a single cell. The input is 
then the cell's internal cross-section area Acell = DcellBcell, the barrel length Lbarrel, an entrance loss coefficient 
(e.g. ke = 0.5) and the water discharge Qdes = Qdes/Ncell per cell. 
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3.4 PRACTICAL CONSIDERATIONS 
The current hydraulic design of a standard box culvert is an optimisation process for the design flow 
conditions. Consideration for non-design flow conditions is limited. 
In practice, the design engineers have a responsibility to ensure that a culvert operates safely for a 
broad range of flow conditions (COTTMAN et al. 1980, SCHALL et al. 2012, QUDM 2016). 
Damage (e.g. scouring, piping, breaching) to the embankment and to the downstream river bed may 
occur in several cases: 
- the apron is too short and/or too shallow to prevent bed scour, 
- flow conditions larger than design flow conditions, leading to embankment overtopping, 
- inlet blockage by debris, 
- sediment siltation and build up in culvert barrel, 
- unusual flood event during construction periods, 
- poor construction of the barrel, inlet or outlet, 
- poor shapes of the inlet and outlet, or misalignment of barrel in relation to the stream flow 
direction, resulting in poor discharge capacity (9), 
- wrong dimensions of the barrel. 
Current engineering design practices have been developed for the reference flow conditions (i.e. 
design flow conditions). For discharges larger than the design discharge, it may be acceptable to 
tolerate some erosion and damage. However, it is essential that the stability and integrity of the 
embankment are ensured. For flow rates smaller than the design discharge, perfect performances are 
expected: that is, (a) the culvert must operate safely and (b) there must be no maintenance issues. 
These objectives are achieved by a correct design of culvert barrel dimensions, a correct design of 
inlet and outlet sections to guide the flow into and out of the culvert barrel, and provision of a 
downstream apron to prevent downstream bed scour, if required. 
 
                                                 
9 A competent professional engineer would always attempt to align the culvert barrel to the waterway course, 
sometimes leading to a skewed barrel. While the skewness adds to the cost, it improves drastically the 
hydraulic efficiency of the structure, in turn reducing the total cost. When the culvert barrel is built at an 
angle to the water flow, flow separation may take place in the inlet, barrel and outlet, and the above 
equations and nomographs might not be applicable. 
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4. HYDRAULIC ENGINEERING DESIGN FOR SMALL-BODY-FISH 
PASSAGE IN STANDARD BOX CULVERTS - 1. GENERAL CONCEPTS 
4.1 PRESENTATION 
In terms of small-bodied fish passage in standard culverts, the most relevant parameters include the 
culvert barrel dimensions, cross-sectional shape and invert slope, the water discharge, the fluid 
dynamics properties in the barrel, and the targeted fish species. Box culverts are generally 
considered more effective for fish passage than circular pipes (BRIGG and GALAROWICZ 2013). 
The behavioural response by fish species to culvert dimensions and hydrodynamic flow conditions 
including turbulence may play a role in their ability to successfully pass the culvert. The length of 
the barrel may be another important factor, with increasing fish passage limitations with increasing 
barrel length increases for some fish species. While there are a broad range of culvert designs 
resulting in a wide diversity in turbulent flow patterns, there are still on-going discussions regarding 
how the flow turbulence characteristics might interplay with fish passage and fish behaviour (LIU et 
al. 2006, YASUDA 2011, WANG and CHANSON 2018b). A few seminal works debated about 
what are the most relevant turbulence characteristics to assist fish passage (PAVLOV et al. 2000, 
HOTCHKISS 2002, CROWER and DIPLAS 2002, NIKORA et al. 2003). Laboratory observations 
showed that fish may take advantage of turbulent flow unsteadiness (LIAO 2007). Additionally, 
fish can save energy by swimming as a school (PLEW et al. 2015). Ultimately, the fish-turbulence 
interactions are extremely complicated, and naive "turbulence metrics cannot explain all the 
swimming path lines or behavior" (GOETTEL et al. 2015, p. 239). 
The interplay between fish and turbulence encompasses a broad range of relevant length and time 
scales and is scale dependant (LUPANDIN 2005, WEBB and COTEL 2011, WANG and 
CHANSON 2018a). Furthermore turbulence modulation by fish swimming cannot be ignored. A 
broad range of turbulent flow properties constitute the determining factors characterising the ability 
of the targeted fish species to pass the culvert, especially for small-bodied weak-swimming fish 
species including juveniles of larger-bodied fish. A seminal discussion emphasised the role of 
secondary flow motion and "the importance of performing three-dimensional turbulent flow 
measurements to precisely identify the effects of secondary flows on fish motion" 
(PAPANICOLAOU and TALEBBEYDOKHTI 2002, p. 548). Next to a sidewall, the channel flow 
is retarded and complicated flow patterns may develop, e.g. next to the corners of the side and base 
slabs (BRADSHAW 1987, SANCHEZ et al. 2018). The result is some secondary flow motion 
generated at right angle to the longitudinal current, inducing sizeable low velocity zone (LVZ) in a 
box culvert barrel, as sketched in Figure 4-1. 
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Fig. 4-1 - Sketch of secondary current in a box culvert barrel cell looking downstream 
 
Recently, field observations and large-size laboratory studies documented fish swimming and 
behaviour in box culvert barrels (BLANK 2008, JENSEN 2014, WANG et al. 2016a, CABONCE 
et al. 2017,2018,2019). All the data indicated that the fish swim preferentially close to sidewalls 
particularly in the bottom corners, in regions of low velocity and high turbulence intensity (Fig. 4-2 
and 4-3) (also Appendix H). This seminal finding is on par with other related studies (GOETTEL et 
al. 2015, DUGUAY et al. 2018). In the presence of various types of boundary treatment, the 
observations showed the "sweet spots", i.e. regions of slower-velocity and high-turbulence that the 
fish exploit. Figure 4-2 presents photographs of small-body-mass fish swimming next to the bottom 
corners in box culvert channels, with a range of wall treatments, including smooth boundaries. Each 
figure caption includes the water discharge Q, the barrel channel width B, the fish species and the 
total length Lf of the fish. 
A key flow region is the barrel corner region where secondary currents are strong (Fig. 4-1). Figure 
4-3 shows the proportion of time spent by small-body-mass fish in a barrel channel, for three 
different boundary treatments. Further data are reviewed in Appendix H. Irrespective of the 
boundary treatment, detailed observations indicated that studied fish spent two-third of their time in 
the bottom corners and nearly 90% of time next to the sidewalls and bottom corners altogether (Fig. 
4-3). Present knowledge suggests further that the invert and sidewall roughness may be scaled to the 
fish dimensions, with some fish performing best when roughness elements and coherent structures 
are "scaled with the size of the fish" (MONK et al. 2012, p. 1306). Fish best interact with large 
vortices when the ratio of eddy size to fish length is close to unity. The fish then "waltz dance" with 
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the turbulent coherent structures to minimise acceleration/deceleration and the associated energy 
consumption (WANG and CHANSON 2018b, p. 27). Simply, the upstream passage may be 
successful when the fish use the turbulence and not fight it. 
By analogy to competitive swimming and sport physics (COUNSILMAN 1968, WANG and 
WANG 2006, CLANET 2013), the upstream passage of fish in culverts could further be analysed in 
terms of an optimisation process. The basic concepts of fish swimming dynamics are the notions 
that (a) the travel time of the fish in the culvert barrel equals the ratio Lbarrel/Ufish of barrel length to 
absolute fish speed, and (b) the rate of mechanical work exerted by a fish is equal to the thrust times 
the relative fish speed, hence proportional to the cube of the local fluid velocity (WANG and 
CHANSON 2018a,2018b). It is conceptually conceivable that fishes swimming in a culvert barrel 
adapt their swimming stroke to maximise their efficiency, as observed with competitive swimmers 
during international and olympic meetings (KOLMOGOROV and DUPLISHCHEVA 1992, WEI et 
al. 2014). Such a concept however raises questions on the limitations of many fish swim tests in 
tubes and tunnels (KATOPODIS and GERVAIS 2016) (Appendices F and H). 
 
(A)   (B) 
(C)  
Fig. 4-2 - Fish behaviour in box culvert barrel channels, with flow direction from left to right 
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(D)   (E) 
(F)  
Fig. 4-2 - Fish behaviour in box culvert barrel channels, with flow direction from left to right - (A) 
Duboulay's rainbowfish (Melanotaenia duboulayi) swimming upstream along the right sidewall in a 
smooth channel (Q = 0.026 m3/s, B = 0.5 m, Lf  60 mm); (B) Juvenile silver perch (Bidyanus 
bidyanus) swimming next to right smooth sidewall in a rough invert channel (Q = 0.026 m3/s, B = 
0.5 m, Lf  120 mm); (C) Juvenile silver perch swimming next to left rough sidewall in an 
asymmetrically roughened channel (Q = 0.026 m3/s, B = 0.5 m, Lf  90 mm); (D) Juvenile silver 
perch resting upstream of a small corner baffle (Q = 0.056 m3/s, B = 0.5 m, hb = 0.066 m, Lf  60 
mm); (E) Juvenile silver perch behind a small corner baffle (Q = 0.056 m3/s, B = 0.5 m, hb = 0.133 
m, Lf  70 mm); (F) Juvenile silver perch negotiating successfully a small corner baffle (Q = 0.056 
m3/s, B = 0.5 m, hb = 0.066 m, Lf  70 mm) 
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(A) Juvenile silver perch (Bidyanus bidyanus) in a smooth channel with a moderate discharge: Q = 
0.0556 m3/s, x = 4-6.5 m, y = 0 at right smooth sidewall (on left of graph) 
 
(B) Duboulay's rainbowfish (Melanotaenia duboulayi) in a channel with rough bed and rough left 
sidewall for a relatively small flow: Q = 0.0261 m3/s, x = 4-6.5 m, y = 0 at right smooth sidewall 
(on left of graph) 
 
(C) Juvenile silver perch (Bidyanus bidyanus) in a smooth channel equipped with small corner 
baffles (hb = 0.133 m) with a moderate discharge: Q = 0.0556 m3/s, x = 4-6.5 m, y = 0 at right 
smooth sidewall (on left of graph) 
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Fig. 4-3 - Percentage of time spent by small-body-mass fish within a box culvert barrel channel, 
weighted with respect to time - Looking upstream 
 
4.2 BASIC CONCEPTS 
With current hydraulic engineering design practices, the optimum size of a culvert is the smallest 
barrel size allowing for inlet control operation (Chapter 3). The approach is focused on design flow 
conditions solely and rarely considers less-than-design flow conditions (Q < Qdes), although fish 
passage may occur as soon as the water discharge is non-zero: Q > 0. New design guidelines for 
fish-friendly box culverts are needed. A practical challenge is matching biological data, e.g. 
swimming performances, to engineering requirements and hydrodynamic measurements, because of 
a lack of standardisation in swim tests (KEMP 2012, KATOPODIS and GERVAIS 2016) (1). 
In this document, new hydraulic engineering design guidelines are considered, based upon three key 
concepts: 
 (A) The culvert design is optimised for fish passage for water discharges Q < QT; and it is 
optimised in terms of flood capacity for QT < Q < Qdes, with QT an upper threshold discharge for 
less-than-design flow with QT < Qdes. 
 (B) Upstream fish passage is facilitated by providing a sizeable low-velocity zone (LVZ): 
 (B.1) Since fish predominantly swim upstream next to the channel corners and sidewalls 
(GARDNER 2006, BLANK 2008, JENSEN 2014), including small-bodied Australian native fish 
species (WANG et al. 2016a, CABONCE et al. 2017,2018,2019, GOODRICH et al. 2018), the 
swimming performance data are related to a fraction (i.e. percentage) of the wetted flow area where: 
 x fish0 V U   (4-1) 
with Vx the local time-averaged longitudinal velocity component and Ufish a characteristic 
swimming speed of targeted fish species. A truly novel aspect of this approach is the provision of a 
minimum relative flow area where the longitudinal water velocity is less than a characteristic fish 
swimming speed (Eq. (4-1)). 
 (B.2) The low velocity zone width and depth in the bottom corners must encompass the size 
of the targeted fish species. 
 (C) The culvert invert and barrel walls are smooth and upstream fish passage is provided 
without any other form of boundary treatment and appurtenance. 
One may contrast between past and novel design guidelines of fish-friendly culverts (Table 1-1). In 
the past, fish-friendly culverts have been designed in the past with respect to bulk velocity criteria, 
                                                 
1 Two different studies rarely use the same test methods and protocol, and the output is often a single-point 
measurement or a bulk velocity 
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i.e. a maximum bulk velocity largely attributed to the culvert across the full flow range, neither of 
which appear to be relevant to reality (Table 1-1). In contrast, the new design guidelines take into 
account that fish swim predominantly swim along the sidewalls, while, at higher discharges, fish 
passage is generally not possible given the constraints of the culvert design relative to the physical 
capabilities of small-bodied fish. 
 
4.3 IMPLEMENTATION OF BASIC CONCEPTS 
The design method aims to be sound, simple, economically acceptable and meet engineering 
standards. Three practical questions must be discussed with respect to design parameters 
influencing the size and cost of standard box culverts: (a) what is the effect of the relative threshold 
QT/Qdes, (b) what is the influence of the percentage of low velocity area, and (c) what is the impact 
of the characteristic fish swimming speed Ufish? A sensitivity analysis was recently conducted 
regarding these queries (CHANSON and LENG 2018). The basic findings demonstrated 
unequivocally that the cost of a fish-friendly box culvert increases with decreasing characteristic 
fish speed Ufish, increasing discharge threshold QT/Qdes and increasing percentage of low-flow area: 
 
fish
T des
U
Q /Culvert Co Q
%fl area
s t
ow
  



 (4-2) 
Based upon a combination of engineering calculations, detailed physical modelling for several flow 
boundary conditions during which fish endurance and behaviour was tested (Appendix H), as well 
as discussions between biologists, scientists and hydraulic engineers, the following guidelines are 
proposed: 
 T
des
Q 0.10Q   (4-3a) 
 15% of flow area where Vx < Ufish for Q < QT (4-3b) 
Another criterion in selecting the low-velocity zone is determining its minimum width and depth to 
ensure that the LVZ can easily encompass the size of the targeted fish species (2). 
 
4.4 DISCUSSION 
The present approach delivers a physically-based rationale for fish-friendly standard box culvert 
design, embedding state-of-the-art aero- and hydro-dynamic calculations into current hydraulic 
engineering design methods to yield cost-effective design outcomes. By bridging the gap between 
                                                 
2 See Discussion in paragraph 5.3. 
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engineering and biology, such an approach is innovative in an effort to restore catchment 
connectivity. The method is more general than previous attempts, yet simple and cost effective 
enough to be widely endorsed by the various stakeholders. 
The proposed concepts for fish-friendly box culvert design were developed in particular for small-
body-mass Australian native fish species. These species have weak-swimming abilities for which 
excessive barrel velocities are too often a barrier to upstream fish passage. However, the present 
approach may be applied to other fish species, because it is physically based upon deterministic 
scientific considerations. Low velocity zones (LVZs) are provided along the wetted perimeter, i.e. 
next to the culvert barrel corners and sidewalls, where fish prefer to swim (Fig. 4-1 and 4-3) and 
where they can minimise their energy expenditure. The approach relies upon an accurate physically-
based knowledge of the entire velocity field in the culvert barrel. 
The influence of the relative threshold QT/Qdes, critical fish speed Ufish, and percentage of flow area 
on the size of box culvert structures was specifically discussed by CHANSON and LENG (2018). 
For a smooth culvert barrel invert at natural ground level, the results showed that the increase in 
culvert size and hence cost become very significant for Ufish < 0.3 m/s and QT/Qdes > 0.3, when 
providing 15% flow area with 0 < Vx < Ufish, in a smooth barrel. When the characteristic swimming 
speed of the targeted fish species is less than 0.3 m/s (Ufish < 0.3 m/s), a different design approach 
might be required (Chapter 8, Appendix I). An option could involve a design incorporating a barrel 
cell with enhanced lower-velocity zones, e.g. boundary roughening and addition of appurtenance 
such as baffles. Another option might be to consider a bridge structure instead. 
In terms of hydraulic engineering calculations, the fundamental concepts (section 4.2) lead to a two-
stage design. First the minimum number of cells (Ncell)des is calculated to achieve inlet control at 
design flow conditions, based upon current standards for optimum flood capacity design at the 
culvert site (Chapter 3). Considerations for upstream fish passage are next embedded into the design 
methodology, using biological considerations. When the revised fish-friendly culvert design 
includes a larger number of barrel cells than the original design, the afflux at the design flow 
conditions would be smaller than the maximum acceptable afflux. The reduction in upstream 
flooding might contribute to a lesser total cost of the structure: e.g., with a lower embankment and 
reduced impact on upstream catchment. The savings might contribute to offset partially the 
increased cost caused by the larger number of culvert barrel cells. 
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5. HYDRAULIC ENGINEERING DESIGN FOR SMALL-BODY-FISH 
PASSAGE IN STANDARD BOX CULVERTS - 2. DESIGN METHODOLOGY 
5.1 PRESENTATION 
Based upon current design practices, the hydraulic characteristics of the structure are the design 
discharge and the maximum acceptable afflux at design flow conditions. An important 
hydrodynamic feature is whether the barrel runs full or not (Fig. 5-1). Most culverts are designed to 
operate as open channel systems up to the design flow conditions, often with critical flow 
conditions occurring in the barrel in order to maximise the discharge per unit width and to reduce 
the barrel cross-section. For standard culverts, the current engineering design procedure can be 
divided into two parts. First a system analysis leads to the selection of (a) the design rainfall and 
runoff event, yielding an estimate of the design discharge Qdes, and (b) the maximum acceptable 
afflux at design flow conditions. In the second stage, the barrel size is selected by an iterative 
procedure, in which both inlet control and outlet control calculations are conducted (1). At the end, 
the optimum hydraulic size is the smallest barrel size allowing for inlet control operation at design 
flow conditions. 
For the hydraulic design of fish-friendly culverts, the above approach must be expanded, as 
discussed in Chapter 4. Basically the new design procedure takes place in two stages: 
 (1) finding the optimum design to pass the design flow discharge Qdes for a standard box 
culvert, and  
 (2) checking whether additional culvert cells are required or not to pass fish at less-than-
design flow discharge i.e. for Q  QT with QT = 0.1Qdes. 
The proposed guidelines are primarily aimed to the design of standard box culverts, focusing on the 
culvert barrel, assuming a structure built in a mild slope flood plain. Designs of culverts outside this 
scope will not be detailed. 
 
                                                 
1 Inlet control means that the hydraulic control is located at the entrance: e.g., critical flow conditions take 
place in the barrel with free-surface inlet. Outlet control implies that the culvert flow is controlled at the 
outlet, i.e. by the tailwater conditions. See glossary of technical terms in Appendix A. 
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Fig. 5-1 - Multicell standard box culvert along Cubberla Creek beneath Goolman St, Chapel Hill 
QLD Australia on 30 March 2017 at less than design flow 
 
5.2 DESIGN METHODOLOGY 
Calculations are first conducted for design flow conditions. The optimum size is the smallest barrel 
size allowing for an afflux less than the maximum acceptable afflux at design discharge Qdes 
(HERR and BOSSY 1965, CHANSON 2004) (Chapter 3). The second part of the design 
corresponds to a culvert operation for less-than-design flow: i.e. Q  QT = 0.1Qdes, for which 15% 
of the flow area must experience local time-averaged velocities less than the characteristic fish 
swimming speed (Ufish) (Chapter 4, section 4.2). When choosing the minimum fish swimming 
speed for the site, in relation to the species and size classes of expected fish, the local fisheries 
department should be consulted. 
Both stages of calculations are iterative processes. The optimum design for Qdes with a maximum 
acceptable afflux hmax would basically yield the minimum number (Ncell)des of boxes required to 
achieve inlet control, for a multicell culvert (Chapter 3). Two alternative methods may be used, 
being an engineering design nomograph (Concrete Pipe Association of Australasia 2012) or a set of 
theoretical equations based on critical conditions and conservation of energy (HENDERSON 1966, 
CHANSON 2004, CHANSON and LENG 2018). The theoretical equations give the design 
discharge per unit width for inlet control: 
 3/2des D hw hw
min
Q 2 2C g (H z )B 3 3       for 
hw hw
cell
H z 1.2D
   (5-1) 
 des cell hw hw cell
min
Q C D 2 g (H z C D )B          for 
hw hw
cell
H z 1.2D
   (5-2) 
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where Bmin is the internal barrel width, Dcell is the internal barrel height, (Hhw-zhw) is the headwater 
specific energy, often assumed to be about the headwater level: Hhw-zhw  dtw + afflux. When the 
headwater is less than 1.2 times the internal barrel height, a free-surface inlet is observed and 
Equation (5-1) should be used. Otherwise a submerged entrance and free-surface barrel flow occur, 
and Equation (5-2) is to be used. The constants CD and C correspond to the shape of the inlet. For 
the most common square-edged inlet, CD = 0.9 and C = 0.6. 
Next, the design must be checked against outlet control situation, using the outlet control 
nomograph (Concrete Pipe Association of Australasia 2012). The nomograph will give the afflux 
for the calculated number of cells at outlet control. Ultimately, whichever afflux is bigger controls 
the flow, e.g. if afflux for inlet control > afflux for outlet control, inlet control is achieved; 
otherwise, the number of cells must be increased and outlet control calculations are repeated until 
the afflux is less than hmax (Chapter 3, section 3.2). 
Once the number of cells (Ncell)des is obtained at design flow conditions, physical or numerical CFD 
modelling is performed for a single cell to examine the complete velocity field throughout the 
culvert cell for less-than-design flows (Q  0.1Qdes) (2). Using contour plots of longitudinal 
velocity at different cross-sections of the culvert barrel, the flow area under certain velocity 
magnitudes can be derived. Within this second stage, the velocities in at least 15% of the flow area 
must be under the critical fish swimming speed Ufish, in line with recent hydrodynamic data 
(WANG and CHANSON 2018b, CABONCE et al. 2019, ZHANG and CHANSON 2018). An 
additional requirement includes a minimum low velocity zone size at the barrel's bottom corners to 
facilitate the passage of the largest targeted fish species. If the results of physical/numerical models 
do not satisfy the required criteria of fish-friendly design, the number of cells must be increased, 
and the modelling is repeated with the updated cell number configuration. 
Figure 5-2 summarises the iterative procedure for the hydraulic design of a fish-friendly standard 
box culvert, with smooth boundaries. 
 
                                                 
2 This approach assumes implicitly that the discharge and velocity field are identical in all culvert barrel 
cells. 
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Fig. 5-2 - Flow chart of the methodology for the optimum design at fish-friendly box culverts 
 
5.3 DISCUSSION 
For the second part of the design (Fig. 5-2, Step 4), the culvert operation corresponds to a less-than-
design flow, i.e. Q  QT = 0.1Qdes. Practically, the calculations are conducted for the largest 
discharge for which upstream fish passage is required, since these flow conditions yield the fastest 
water velocities in the culvert barrel: that is, for Q = QT = 0.1Qdes. 
In a box culvert barrel, the water velocities range from the cross-sectional maximum water velocity 
(Vmax)M greater than the bulk velocity Vmean = Qcell/(Bcell×d), to small local velocities Vx close to the 
boundaries and zero velocity at the boundary, i.e. no slip boundary condition (CABONCE et al. 
2017,2019, LENG and CHANSON 2018). Very-detailed measurements in subcritical flows, typical 
of less-than-design flow, yielded a monotonic relationship in terms of the percentage of flow area 
where the local time averaged velocity Vx is less than a certain percentage of the bulk velocity. A 
re-analysis of detailed physical and CFD numerical results is shown in Figure 5-3 for a smooth 
culvert barrel. The physical and numerical data are compared with an analytical solution for a two 
dimensional turbulent flow, assuming a 1/N-th velocity distribution power law: 
 
NN
1 N x
mean
VNA 100 N 1 V
          
 (5-3) 
with A the percentage of flow area, and (Vx/Vmean) in percentage (3). In Figure 5-3, Equation (5-3) is 
                                                 
3 For example, if Vx/Vmean = 0.40 = 40%, use Vx/Vmean = 40 in Equation (5-3). The result is A = 0.66 or 
0.66%. 
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shown for N = 4.5, corresponding to a lower bound of physical data scatter and upper bound of 
CFD data scatter. Within its experimental validity, Figure 5-3 may be used to predict barrel flow 
conditions for which upstream fish passage may be deemed achievable: i.e., when 15% of the flow 
area experiences local time-averaged velocities less than the characteristic fish swimming speed 
Ufish. 
Finally most small-bodied fish swim next to the bottom corners and along the sidewalls. The corner 
low-velocity zone (LVZ) needs to have a minimum area of 25 mm by 25 mm (width by height), i.e. 
a 45º diagonal from corner > 21/225 mm  35 mm at the bottom corners of the culvert barrel cells. 
The recommended size of the LVZ is based upon the dimensions of small-body-mass Australian 
native fish species and juvenile of larger fish. Note that larger LVZ dimensions might be required 
for larger fish species. 
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Fig. 5-3 - Relationship between percentage of flow area and relative longitudinal velocity Vx/Vmean 
in smooth rectangular channel with aspect ratio: 0.6 < B/d < 13 - Comparison between detailed 
physical data (blue symbols), CFD numerical results (red symbols) and Equation (5-3) for N = 4.5 - 
CFD data: CFD: NAOT and RODI (1982), LENG and CHANSON (2018); Physical data: 
NIKURADSE (1926), NEZU and RODI (1985), MACINTOSH (1990), XIE (1998), CABONCE et 
al. (2017,2019) 
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6. HYDRAULIC ENGINEERING DESIGN FOR SMALL-BODY-FISH 
PASSAGE IN STANDARD BOX CULVERTS - 3. GUIDELINES 
6.1 PRESENTATION 
While a box culvert barrel is a relatively simple geometry channel (Fig. 6-1), a complete knowledge 
of the fluid flow requires detailed hydrodynamic calculations based upon a thorough 
characterisation of the boundary conditions, including the water flow in the inlet and outlet sections, 
as well as in the downstream and upstream flood plains. The calculations of the entire velocity field 
in a barrel are complicated at less-than-design discharges. Complete numerical computational fluid 
dynamics (CFD) computations, even simpler one-dimensional (1D) numerical calculations, require 
a sound knowledge of the flood flow conditions in the natural system. The latter may be derived 
from gauging data or flood plain calculations (Appendices D & E). Physical modelling may be 
further considered, based upon the fundamental concepts and principles of similitude (Appendix F), 
sometimes in complement to and in support of numerical CFD computations (LENG and 
CHANSON 2018) (Appendix G). 
 
 
Fig. 6-1 - Standard box culvert inlet and barrel entrance along West Creek beneath Herries Street, 
Toowoomba QLD, Australia on 10 March 2011 
 
In this chapter, the hydraulic engineering design of fish-friendly box culverts is developed based 
upon a small number of physically-based assumptions for less-than-design flow conditions. Four 
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key assumptions are introduced, bringing basic simplifications to the entire hydrodynamic 
calculations of a culvert barrel at less-than-design discharges, followed by s discussion of their 
application. The aim of the following sections is to complement the fundamental concepts and 
methodology introduced in Chapters 4 and 5, by sound hydraulic engineering design guidelines. A 
detailed application is presented in Chapter 7. 
 
6.2 BASIC CONSIDERATIONS 
6.2.1 Presentation 
The properties of a culvert operating at less-than-design flow may be derived from hydraulic 
engineering calculations (Appendices E and G). For a mild flood plain slope, the culvert operates 
with outlet control for Q < Qdes. The flow in the entire culvert system is subcritical and the 
calculations are best started from the downstream end, i.e. the tailwater conditions. The complete 
calculations involve (a) the estimate of the form losses in the culvert outlet and transition to the 
downstream flood plain, (b) the hydrodynamic calculations of the culvert barrel flow and the 
boundary friction, and (c) the application of the Bernoulli principle to the flow convergence in the 
transition from the upstream flood plain to the inlet and in the culvert inlet. For a culvert in a steep 
catchment, the same type of hydrodynamic calculations is conducted, albeit starting from the 
upstream end, i.e. the headwater conditions. 
When fish passage is a requirement for Q < QT = 0.1Qdes, a number of basic assumptions may be 
considered to simplify the hydraulic engineering design calculations: 
[1] the flood plain's longitudinal slope is mild and the flood plain operates with subcritical flow 
conditions for Q < QT = 0.1Qdes; 
[2] the free-surface elevation in the barrel equals the tailwater free-surface elevation; in first 
approximation, the water depth dbarrel in the barrel is equal to the tailwater depth dtw: 
 barrel twd d  (6-1) 
[3] there is a monotonic relationship between the relative low velocity zone (LVZ) area where the 
dimensionless velocity Vx/Vmean is less than Ufish/Vmean, and the dimensionless targeted fish 
swimming speed Ufish/Vmean, with Vmean the bulk velocity in the culvert barrel and Ufish the 
characteristic fish swimming speed; and 
[4] the length DL of 45º diagonal from bottom corner (Fig. 6-2) is a function of the targeted 
velocity Vx = Ufish, bulk velocity Vmean, water depth d and channel width B only: 
 1 x meanDL F (V ,V ,d,B)  (6-2) 
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Fig. 6-2 - Definition sketch of low-velocity zones (LVZs) (shaded area) and 45º diagonal DL from 
bottom corner in a box culvert barrel, looking downstream 
 
Practically, the most stringent hydrodynamic conditions for upstream passage of small-bodied fish 
take place for Q = QT = 0.1Qdes. In turn the hydraulic design calculations for upstream fish passage 
are typically focused on Q = QT = 0.1Qdes. 
 
6.2.2 Mild flood plain 
In hydraulic engineering, a channel slope is termed "mild" when the uniform equilibrium flow 
depth is larger than the critical flow depth (1) and the uniform equilibrium flow is subcritical 
(CHOW 1959, HENDERSON 1966). Such a definition implies physically that the concept of a mild 
slope is a function of both the bed slope and the flow resistance: i.e., of the flow rate and channel 
roughness height (CHANSON 2004, p. 95). Here it is assumed that the flood plain longitudinal 
slope is mild and the flood plain operates with subcritical flow conditions for Q < QT = 0.1Qdes. 
Subcritical open channel flows are best controlled from downstream (HENDERSON 1966, 
CHANSON 2004). Numerical calculations of steady subcritical flows should thus start from the 
downstream end of the reach, i.e. the flood plain downstream of the culvert system, or tailwater 
conditions. 
For a culvert installed in a steep catchment, the hydrodynamics of the flow through the entire 
culvert system is much more complicated and outside the scope of the present document. Engineers 
would need to undertake more advanced calculations complemented by detailed physical and/or 
numerical modelling. 
                                                 
1 See the glossary of technical terms in Appendix A. 
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6.2.3 Barrel flow depth 
For a discharge much smaller than the design discharge, e.g. Q = QT = 0.1Qdes, the energy losses in 
the barrel outlet and in the culvert barrel are relatively small. The application of the continuity and 
Bernoulli principles yields in first approximation: 
 barrel twd d  (6-1) 
assuming implicitly that the culvert is placed at ground level. The application of the equation of 
conservation of mass in an integral form (2) gives an analytical expression for the bulk velocity in 
the culvert barrel: 
 cellmean
cell barrel
QV B d   (6-3) 
where Qcell is the water discharge in a single cell (3) and Bcell is the internal cell width. 
Equation (6-1) is based upon some approximation in relation to the exit loss, corresponding to 
Vmean2/(2g) << dbarrel. Basically, Equation (6-1) should only be considered within the (above) 
assumption [1] of a culvert located in a mild flood plain slope for Q  QT = 0.1Qdes.  
 
6.2.4 Fraction of wetted area where Vx/Vmean < Ufish/Vmean 
Low velocity zones (LVZs) are preferred swimming zones for fish, and small-bodied fish favour 
swimming next to the sidewalls and in the channel corners during upstream passage. Figure 6-2 
presents a sketch of typical low-velocity zones in a smooth box culvert barrel. Upstream fish 
passage is deemed achievable when the ratio of LVZ area to total wetted area is greater than 15%, 
(4) with the LVZ area being defined as the wetted area where the local time-averaged velocities are 
less than the characteristic fish swimming speed Ufish, with 0 < Vx < Ufish (Fig. 6-2). 
Detailed physical experiments and CFD calculations showed that there is a monotonic relationship 
between the fraction of low velocity zone (LVZ) wetted area where Vx < Ufish and the percentage of 
bulk velocity Vx/Vmean= Ufish/Vmean (Fig. 6-3). Figure 6-3 presents detailed physical and numerical 
CFD data, obtained with less-than-design discharges ranging up to 0.3 m3/s per barrel cell and 
internal widths from 0.1 m to 2.4 m. 
 
                                                 
2 also called continuity principle. 
3 assuming implicitly that Qcell = Q/Ncell, with Ncell the number of identical culvert barrel cells. 
4 in line with recent hydrodynamic data (WANG and CHANSON 2018b, CABONCE et al. 2019). 
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Fig. 6-3 - Relationship between the percentage of flow area and relative longitudinal velocity 
Vx/Vmean in smooth rectangular channels - Comparison between Equation (6-6) assuming N = 4.5 
and detailed physical experiments (NIKURADSE 1926, NEZU and RODI 1985, MACINTOSH 
1990, XIE 1998, CABONCE et al. 2017,2019) and CFD numerical results (NAOT and RODI 1982, 
LENG and CHANSON 2018) in rectangular channels with aspect ratio 0.6 < B/d < 13 
 
Discussion 
In a fully-developed flow, the velocity distributions tend to follow closely a power law 
(HENDERSON 1966, CHANSON 1999,2004): 
 
1/N
x
max
V z
V d
      (6-4) 
where Vx is the time-averaged longitudinal velocity component, Vmax is the maximum velocity 
observed next to the free-surface, z is the vertical elevation measured above the invert and d is the 
water depth. 
For a two-dimensional flow (5), the equation of conservation of mass gives a relationship between 
the bulk velocity Vmean and maximum free-surface velocity Vmax since: 
 
d
mean x max
z 0
Nq V d V dz V dN 1
        (6-5) 
with q the discharge per unit width, also called unit discharge. For a 1/N-th power law velocity 
                                                 
5 That is, a wide open channel flow. 
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distribution in a two-dimensional fully-developed flow, a monotonic relationship may be derived in 
terms of the percentage of flow area where the local time averaged velocity Vx is less than a certain 
percentage of the bulk velocity: 
 
NN
1 N x
mean
VNA 100 N 1 V
          
 (6-6) 
with A the percentage of flow area (6) and (Vx/Vmean) in percentage (7). Equation (6-6) is shown for 
N = 4.5 in Figure 6-3, and compared to physical experimental data and 3D CFD numerical data in 
relatively narrow flumes (0.6 < B/d < 13). 
In the following sections, Equation (6-6) for N = 4.5 is recommended to estimate the LVZ area, 
because it compares favourably with detailed experimental and numerical CFD data (Fig. 6-3), and 
it is based upon a physically-based principle, i.e. the equation of conservation of mass. 
 
6.2.4 Corner LVZ dimension 
Since most small fish swim next to the bottom corners and along the sidewalls, the LVZ in the 
bottom corners must be large enough to host for at least one individual fish. For small Australian 
native fish species, it is recommended to ensure low-velocity zones (LVZs) with a minimum area of 
25 mm by 25 mm (width by height) at the bottom corners of the culvert barrel cells, i.e. 45º 
diagonal from corner > 21/225 mm  35 mm: 
 DL > 35 mm (6-7) 
with DL the 45º diagonal from corner of the LVZ (Fig. 6-2). A larger value of 45º diagonal from 
corner might be specified for larger targeted fish species. 
Basic dimensional considerations show that the length DL of 45º diagonal from bottom corner is a 
function of the targeted velocity Vx = Ufish, bulk velocity Vmean, water depth d and channel width B. 
In dimensionless form, Equation (6-2) yields: 
 x2
mean
VDL BF ,d V d
    
 (6-8) 
where B/d is the aspect ratio of rectangular box culvert barrel flow. Geometric and mathematical 
considerations imply further that: 
 DL0 2d   (6-9a) 
                                                 
6 A is the relative low velocity zone area in the culvert barrel, defined as: A = LVZ/(Bcelldbarrel). 
7 For example, if Vx/Vmean = 0.60 = 60%, use (Vx/Vmean) = 60 in Equation (6-6). The result is A = 4.07, i.e. 
LVZ/(Bcelldbarrel) = 4.07%. 
6-7 
 x
mean
V N 10 V N
   (6-9b) 
assuming a 1/N-th velocity power law. Figure 6-4 presents a summary of detailed physical and 3D 
CFD numerical data, showing the dimensionless length DL/d as a function of the relative 
longitudinal velocity Vx/Vmean and channel aspect ratio B/d. 
 
 
Fig, 6-4 - Relationship between dimensionless diagonal length DL/d, relative longitudinal velocity 
Vx/Vmean and aspect ration B/d in smooth rectangular channels - Surface plot of detailed physical 
experiments (NEZU and RODI 1985, XIE 1998, CABONCE et al. 2017,2018) and CFD numerical 
results (NAOT and RODI 1982, LENG and CHANSON 2018), with aspect ratio: 1 < B/d < 12.5 
 
The analysis of these detailed physical data and CFD numerical data shows that the length DL of 
45º diagonal from bottom corner may be correlated as: 
 x
mean
VDL 2 exp 1d V
          
 (6-10a) 
with 
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 5.24 B1 0.8 exp 0.54 d
        
 (6-10b) 
 
1
6.24
11 B5.82 0.000154 d
            
 (6-10c) 
A comparison between data and correlation is shown in Figure 6-5. 
In summary, Equation (6-10) may be applied to predict the 45° diagonal length DL of the LVZ, and 
the diagonal length DL must fulfil Equation (6-7), for small-bodied fish. 
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Fig. 6-5 - Relationship between estimated dimensionless diagonal length DL/d and calculated one in 
smooth rectangular channels (Eq. (6-10)) - Data sets: detailed physical experiments (NEZU and 
RODI 1985, XIE 1998, CABONCE et al. 2017,2019) and CFD numerical results (NAOT and 
RODI 1982, LENG and CHANSON 2018), with aspect ratio: 1 < B/d < 12.5 
 
6.3 APPLICATION 
Considering the design methodology introduced in Chapter 5, the iterative procedure for the 
hydraulic design of a fish-friendly standard box culvert with smooth boundaries may be simplified, 
as shown in Figure 6-6. 
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Fig. 6-6 - Flow chart of the optimum design at fish-friendly box culverts 
 
Calculations are first conducted for design flow conditions. The optimum design for Qdes with a 
maximum acceptable afflux hmax would basically yield the minimum number of boxes required to 
achieve inlet control, for a multicell culvert (Chapter 3). Two alternative methods may be used, 
being an engineering design nomograph (Concrete Pipe Association of Australasia 2012) or a set of 
theoretical equations based on critical conditions and conservation of energy (HENDERSON 1966, 
CHANSON 2004). Then the design must be checked against outlet control situation, using the 
outlet control nomograph (Concrete Pipe Association of Australasia 2012). The nomograph will 
give the afflux for the calculated number of cells at outlet control. Ultimately, whichever afflux is 
bigger controls the flow, e.g. if afflux for inlet control is larger than the afflux for outlet control, 
inlet control is achieved; otherwise, the number of cells must be increased and outlet control 
calculations are repeated until the afflux is less than the maximum acceptable afflux hmax. 
Once the number of cells (Ncell)des are obtained at design flow conditions, hydraulic calculations are 
performed for the culvert barrel at Q < QT = 0.1Qdes. Since the most difficult flow conditions for 
upstream passage of small-body-mass fish occur for Q = QT = 0.1Qdes, the calculations for 
upstream fish passage are typically focused on Q = QT = 0.1Qdes. The bulk velocity in the culvert 
barrel is calculated using Equation (6-3). Next the flow area where Vx < Ufish may be estimated 
using Figure 6-3 or Equation (6-6). At least 15% of the flow area must experience longitudinal 
velocities under the critical fish swimming speed Ufish. Then a minimum area of low velocity zone 
6-10 
at the barrel bottom corners must be fulfilled to pass the fish bodies, i.e. DL > 35 mm, with DL 
being calculated using Equation (6-10). If the results do not satisfy the required criteria of fish-
friendly design, the number of cells must be revised by adding a further cell, and the modelling is to 
be repeated with an updated number of culvert barrel cells. 
Commentary 
The design calculations for upstream fish passage at Q = 0.1Qdes may be undertaken in a slightly 
different manner with the same results. 
To achieve LVZs corresponding to 15% of the flow, the ratio of characteristic fish swimming speed 
to bulk velocity must be less than 0.802, or 80.2% (Fig. 6-3 and Eq. (6-6)). In other terms, the barrel 
bulk velocity Vmean must satisfy: 
 fishmean UV 0.802  (6-11) 
By continuity, the water depth dbarrel in the culvert barrel for Q = QT = 0.1Qdes must fulfil: 
 desTbarrel fish fishcell cell cell cell
0.1 QQd U UN B N B0.802 0.802
 
   
 (6-12) 
Assuming that the water depth in the barrel is equal to the tailwater depth dtw (Eq. (6-1)), the 
number of barrel cells must satisfy: 
 desTcell fish fishtw cell tw cell
0.1 QQN U Ud B d B0.802 0.802
 
   
 (6-13) 
with dtw the tailwater depth for Q = QT = 0.1Qdes. 
The length DL of 45º diagonal from bottom corner may then be calculated using Equation (6-10) 
and may be checked against the minimum LVZ size requirement: 
 DL > 35 mm (6-7) 
for small Australian native fish species. 
 
6.4 DISCUSSION 
The proposed guidelines developed herein are based upon a number of basic assumptions (section 
6.2.1) and they apply to standard box culverts only. When one or more assumptions are untrue, the 
guidelines should not be applied and complete detailed hydraulic engineering calculations should be 
conducted, following the design methodology developed in Chapter 5. Similarly, if the culvert 
barrel shape is not a rectangular cross-section, the culvert should not be designed using the 
6-11 
methodology and guidelines presented in Chapters 5 and 6 respectively (8). Instead a complete 
hydraulic modelling, physical or numerical CFD, must be undertaken for the barrel configuration 
for both design and less-than-design discharges. 
For standard box culverts, the design engineers must check that the assumptions [1] and [2] are 
valid for the culvert structure. That is, [1] the flood plain operates with subcritical flow and [2] the 
free-surface elevation in the barrel equals the tailwater free-surface elevation (section 6.2.1). When 
the assumption [2] is invalid, full hydrodynamic calculations must be conducted for less-than-
design discharges. 
Finally, it must be stressed that the design of a culvert intended to be constructed should require the 
certification of a professional civil engineer. 
 
                                                 
8 For completeness, the inlet control or outlet control nomographs presented in Chapter 3 apply only to 
standard box culverts. 
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7. DESIGN APPLICATION 
7.1 PRESENTATION 
A culvert design may vary from a simple geometry (standard culvert) to a hydraulically-smooth 
shape (M.E.L. culvert). Considering the simple case of a standard box culvert (Fig. 7-1), the 
hydraulic structure consists of three components: the intake or inlet, the barrel or throat, and the 
diffuser or outlet. Based upon current design practices, the hydraulic characteristics of the culvert 
are the design discharge, the corresponding water depth in the natural stream in absence of the 
culvert structure and the maximum acceptable afflux (Chapter 3). 
In terms of the upstream passage of fish in box culverts, several field observations (BEHLKE et al. 
1991, BLANK 2008, GOETTEL et al. 2015) and near-full-scale experiments (GARDNER 2006, 
WANG et al. 2016a, CABONCE et al. 2017,2019) reported fish seeking low velocity zones 
associated with high turbulence intensity levels, typically next to the bottom corners and along the 
sidewalls, to pass through box culverts structures. Very-detailed velocity measurements in 
subcritical flows typical of less-than-design flow may be used to predict culvert barrel flow 
conditions for which upstream fish passage may be deemed achievable: e.g., when 15% of the flow 
area experiences local time-averaged velocities less than the fish swimming characteristic speed 
Ufish (Chapters 5 & 6). 
Following the earlier chapters, a complete design application is presented in this chapter. It is based 
upon a real case study of a road embankment crossing the Laura River flood plain in the Gwydir 
River catchment at Laura NSW, Australia (1). The hydrological data of the site are regrouped in 
Figure 7-2, for a 20-year period (1998-2018). At this site, the most relevant fish species in terms of 
culvert design are mountain galaxias (Galaxias olidus), river blackfish (Gadopsis marmoratus), 
southern purple spotted gudgeon (Mogurnda adspersa) which is an endangered species, and eel 
tailed catfish (Tandanus tandanus) for which the Murray Darling Basin population is endangered. 
In the following paragraphs, the new approach for hydraulic engineering design guidelines of fish-
friendly box culverts is developed, with a focus on small-body-mass fish species with weak 
swimming capability. 
 
                                                 
1 The case study was proposed by Evan KNOLL, with input from Dr Matthew GORDOS and Marcus 
RICHES (NSW DPI Fisheries). 
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(A) Multicell box culvert inlet beneath Caloundra Road, Caloundra QLD, Australia on 10 October 
2018 
 
(B) Definition sketch of a box culvert 
Fig. 7-1 - Standard box culvert design 
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(A) Channel cross-section surveyed on 2 November 2010 
Fig. 7-2 - River cross-section and hydrographic data of the Laura River at Laura NSW, Australia 
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(B) Discharge data from 1 November 1998 to 1 November 2018 - Catchment area: 311 km2 
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(C) Observations of (gauged) discharge Q and water depth between 1 November 1998 and 1 
November 2018 (blue data) - Relationship between cross-section area A and water depth (red curve) 
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(D) Peak discharges for the period between 1 November 1998 and 1 November 2018 - Flood 
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frequency analysis based upon peak-over-threshold data series 
Fig. 7-2 - River cross-section and hydrographic data of the Laura River at Laura NSW, Australia - 
Gauge Site 418021, Gwydir Catchment (Data courtesy of WaterNSW) 
 
7.2 CASE STUDY 
A standard box culvert is designed to pass flood waters under a road embankment crossing the 
Laura River flood plain at Laura NSW, Australia. At the site, the ground level is -0.257 m RL and 
the water level corresponding to various discharges is summarised in Table 7-1 and Figure 7-2C. 
All levels are at the centreline of the embankment which is 8 m wide at its base. The flood gradient 
is 0.0015 (0.15%) and the flood plain has an irregular cross-sectional shape (Fig. 7-2A). The culvert 
will be a multi-cell box structure, built using precast concrete units with standardised internal 
dimensions (2), placed at ground level. 
The culvert design must be optimised (I) for the design flow conditions with a maximum afflux of 
0.450 m, and (II) capable to provide upstream fish passage, for discharges up to 10% of the design 
discharge, to a guild of small-body-mass fish with a minimum characteristic swimming speed 
(Ufish)min of 0.36 m/s, corresponding to eel tailed catfish (Tandanus tandanus), an endangered 
species in the Murray Darling Basin (Australia) (3). 
Develop the culvert design calculations for Qdes = 150 m3/s, 95 m3/s, 75 m3/s and 55 m3/s. These 
design discharges correspond approximately to an annual exceedance probability (AEP) of 0.181, 
0.283, 0.392 and 0.632 respectively (4). The design flow conditions may be compared to the time 
series of gauged data (Fig. 7-2B) and the peak discharges for the same 20 year data set (Fig. 7-2D). 
The rating curve of the flood plain with its irregular cross-section area is given in Figure 7-2C and 
Table 7-1. 
 
                                                 
2 That is, 2.700 m wide by 2.700 m high, 2.400 m wide by 2.400 m high, 2.100 m wide by 2.100 m high, 
1.800 m wide by 1.800 m high, 1.500 m wide by 1.500 m high, ... 
3 It is acknowledged that the characteristic swimming speed of southern purple spotted gudgeon (Mogurnda 
adspersa) is 0.19 m/s. The design requirements to pass this endangered fish species would lead to a bridge 
design. See discussion in section 7.4. 
4 That is, an average recurrence interval (ARI) of 1:5 years, 1:3 years, 1:2 years and 1:1 years respectively 
(Appendix C). 
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Table 7-1 - The rating curve of the flood plain with its irregular cross-section area is: 
 
Q 
(m3/s) 
TWRL 
(m RL) 
d 
(m) 
A 
(m2) 
0.0063 -0.007 0.25 0.684 
0.71 0.243 0.50 3.93 
11.7 0.743 1.00 13.67 
37.3 1.243 1.50 26.05 
75.8 1.743 2.00 40.6 
130.8 2.243 2.50 59.5 
206 2.743 3.00 83.5 
 
Notes: Tailwater rating level (TWRL) at the centreline of the embankment; A: flow cross-sectional 
area; Laura River gauge data at Laura NSW, Australia. 
 
7.3 DETAILED APPLICATION 
7.3.1 Design flow calculations 
The calculations are first developed for design flow conditions. The barrel size is selected by a test-
and-trial procedure, in which both inlet control and outlet control calculations are performed for 
design flow conditions (Chapter 3). At the end, the optimum size is the smallest barrel size allowing 
for an afflux less than the maximum acceptable afflux (0.450 m) at design discharge (HERR and 
BOSSY 1965, CHANSON 2004). The full calculations are presented for Qdes = 150 m3/s, and the 
results for Qdes = 150 m3/s, 95 m3/s, and 75 m3/s are compared later. 
 
Case Qdes = 150 m3/s 
In the absence of a culvert, and at design flow conditions, the flow depth in the flood plain is 2.64 m 
based upon the rating curve, and the corresponding specific energy is: 
 
2 2
2
floodplain
V QE d d 2.898 m2 g 2 g A        (7-1) 
with d the water depth, V the bulk velocity, and A the cross-section area of the flow (5). 
The flood plain flow is subcritical since the water depth is greater than the critical flow depth, and 
the above flow conditions correspond to the tailwater flow conditions for both inlet and outlet 
control calculations: dtw = 2.64 m and Etw = 2.898 m. 
With a 0.450 m afflux, the upstream or headwater depth is 0.450 m higher than the downstream 
tailwater depth dtw: 
                                                 
5 The cross-section area of the flow is always measured perpendicular to the velocity. 
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 dhw = dtw + Afflux = 3.09 m (7-2) 
where the subscript hw refers to the headwater or upstream flow conditions. 
First let us assume inlet control conditions. With an upstream flow depth dhw = 3.09 m, the upstream 
specific energy equals: 
 
2 2
hw des
hw hw hw hw tw 2
hw
V QE H z d d 3.236 m2 g 2 g A          (7-3) 
Using a nomograph (Fig. 3-3), the inputs are: 
Internal height: Dcell = 2.700 m 
Upstream specific energy Hhw - zhw = 3.236 m 
Headwater depth (Hhw - zhw)/Dcell = 1.20 
45º wing walls  
 
The nomograph gives a discharge per unit width: qcell  9.1 m2/s (Fig. 7-3A). Thus the barrel 
internal width is: 
 desmin
cell
QB 16.5mq   (7-4) 
Since the barrel consists of identical precast concrete boxes, the number of cells is the smallest 
integer value Ncell fulfilling: 
 mincell
cell
BN B  (7-5) 
The result yields: Ncell = 7. The internal barrel width is then NcellBcell = 18.9 m. The inlet control 
calculations can be re-calculated for the corresponding discharge per unit width: 
 2descell
cell cell
Qq 7.94 m / sN B   (7-6) 
The afflux at design discharge will be less than 0.45 m (6). 
In summary, for inlet control, the number of cells is seven (7), since the design must be 
conservative. The free-board in the culvert barrel must be checked. At design discharge under inlet 
control conditions, the flow is critical in the barrel and the water depth is the critical flow depth: 
 
2cell3c
qd 1.86mg   (7-7) 
The free-board at design flow conditions is then: Free-board = Dcell - dc = 2.70 - 1.86 = 0.84 m, 
corresponding to 31% clearance (i.e. free-board) between the water surface and roof (i.e. obvert). 
 
                                                 
6 For inlet control, the afflux may be deduced from the nomograph for inlet control flow conditions (Fig. 3-3) 
when the internal cell height and unit discharge are set. 
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(A) Inlet control calculations for Qdes = 150 m3/s, Dcell = 2.70 m and 0.450 m afflux 
 
(B) Outlet control calculations for Qdes = 150 m3/s, Dcell = 2.70 m and 7 cells 
Fig. 7-3 - Design flow calculations - Red frames are input data; Blue frames are outputs 
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Second, the outlet control calculations are performed for the design flow conditions with the 7-cell 
structure. Using the nomograph (Fig. 3-4), the inputs are: 
Area of rectangular box: Acell = 2.7×2.7 = 7.29 m2 
Barrel length: Lbarrel = 8 m 
Entrance loss coefficient: ke = 0.5 
Discharge (per cell): Qcell = 150/7 = 21.4 m3/s 
 
The nomograph gives a head loss H = 0.7 m (Fig. 7-3B). For outlet control operation, the afflux is 
basically: 
 Afflux = H - LculvSo (7-8) 
where Lculv is the culvert length (Lculv = 8 m) and So is the longitudinal bed slope (So = 0.0015 
herein). The afflux for outlet control conditions is thus 0.688 m. It is larger than the inlet control 
afflux: i.e., outlet control operation will take place with 7 cells. The afflux is also greater than the 
maximum acceptable afflux (0.45 m). The design needs to be revised since the afflux is more than 
0.45 m. Basically, outlet control calculations are repeated with an increasing number of cells until 
the afflux is less the maximum acceptable afflux of 0.450 m. The final design consists of 9 cells and 
the afflux is slightly less than 0.45 m at the design discharge. 
In conclusion, the culvert design to pass 150 m3/s with an afflux less than 0.450 m is a 9 cell 
structure, using 2.702.70 m2 cells. At design flow, the bulk velocity in the culvert structure is 
derived from complete outlet control calculations: Vmean  3 m/s. The targeted small-bodied fish are 
unlikely to swim successfully upstream under such design flow conditions. 
 
Complete results 
Complete hydraulic engineering design calculations are undertaken for Qdes = 150 m3/s, 95 m3/s, 75 
m3/s and 55 m3/s. The detailed results are summarised below: 
 Units  Qdes   Comments 
  150 m3/s 95 m3/s 75 m3/s 55 m3/s  
Qdes m3/s 150.0 95.0 75.0 35.0  
AEP -- 0.181 0.283 0.392 0.632 of design discharge 
dtw m 2.640 2.195 1.992 1.762 at design flow 
(Ncell)des -- 9 7 6 6  
Dcell m 2.700 2.400 2.400 2.100 Internal height 
Bcell m 2.700 2.400 2.400 2.100 Internal width 
Flow regime -- Outlet control Outlet control Outlet control Inlet control at design flow 
Afflux m 0.44 0.40 0.39 0.42 at design flow 
(Ncell)desAcell m2 65.61 40.32 34.56 22.05 Total barrel cross-sectional area 
 
The results show that the design discharge has a significant impact on the size of the culvert 
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structure, namely the number of cells, size of the cells and total barrel cross-sectional area. Note 
that the internal height of the barrel cell was selected to be larger than the tailwater depth, to 
provide an adequate free-board during outlet control operation. 
The final designs are outlined on the channel cross-section in Figure 7-4. For Qdes = 150 m3/s, the 
culvert structure would be massive and a bridge might be a more suitable design option. 
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Fig. 7-4 - Dimensioned sketch of the standard box culvert design outlined for Qdes = 150 m3/s, 95 
m3/s, 75 m3/s and 55 m3/s 
 
7.3.2 Culvert operation and fish passage for less-than-design flow 
The fish swimming performance data are related to the relative size of the low velocity zones 
(LVZs) (CHANSON and LENG 2018), where the local time-averaged longitudinal velocity 
component Vx satisfies: 
 x fish0 V U   (7-9) 
with Ufish a characteristic fish speed, e.g. set by a regulatory agency or based upon biological 
observations and swimming test data. In this section, hydrodynamic calculations are developed to 
predict barrel flow conditions for which upstream fish passage may be deemed achievable, i.e. 
when 15% of the flow area experiences local time-averaged velocities less than the lowest 
characteristic fish swimming speed: (Ufish)min = 0.36 m/s. 
Further, since most small-body-mass fish swim next to the bottom corners and along the sidewalls, 
the low-velocity zones (LVZs) must have a minimum area of 25 mm by 25 mm (width by height) at 
the bottom corners of the culvert barrel cells; i.e. 45º diagonal from corner (Fig. 7-5): 
 DL > 21/225 mm  35 mm (7-10) 
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Fig. 7-5 - Definition sketch of low-velocity zone (LVZ) and 45º diagonal from corner in a box 
culvert barrel, looking downstream 
 
The calculations of the barrel size for upstream fish passage in less-than-design flow conditions are 
iterative. They are typically conducted for the largest discharge for which upstream fish passage is 
required, since these flow conditions yield the fastest water velocities in the culvert barrel. That is, 
Q = QT = 0.1Qdes. The full calculations are developed for Qdes = 150 m3/s, and the results for Qdes 
= 150 m3/s, 95 m3/s, and 75 m3/s are discussed afterwards. 
 
Case Qdes = 150 m3/s 
In the downstream flood plain, the flow conditions for Q = 0.1Qdes are derived from the tailwater 
rating curve (Table 7-1, Fig. 7-2C). The tailwater flow conditions are: 
Discharge: Q = QT = 0.1Qdes 
 = 15.0 m3/s 
Water depth: dtw = 1.085 m 
Cross-section area: Atw = 14.52 m2 
Bulk velocity 
tw
tw
QV 1.033m / sA   
Specific energy: 2tw
tw tw
VE d 1.139 m2 g    
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In the 9-cell culvert barrel, the discharge per unit width is 0.67 m2/s. Assuming that the barrel flow 
depth dbarrel is equal to the tailwater depth dtw, the bulk velocity must satisfy the equation of 
conservation of mass: 
 cell cellmean
cell barrel barrel
Q qV B d d   (7-11) 
where Qcell is the water discharge in a single cell (7) and Bcell is the internal cell width. The bulk 
velocity in the barrel is: Vmean = 0.57 m/s. Based upon detailed hydrodynamic data (Chapter 6, 
Figure 6-3), the percentage of flow area where the local time-averaged velocities would be less than 
the characteristic swimming speed (Ufish)min = 0.36 m/s would be about 5%. 
Simply the culvert design with 9 cells would be un-suitable to provide upstream fish passage to a 
guild of small-body-mass fish with a characteristic swimming speed of 0.36 m/s at 10% of the 
design discharge. The design needs to be revised with the inclusion of a larger number of cells. The 
calculations for Q = QT = 0.1Qdes are repeated with an increasing number of cells until the relative 
wetted area where the local time-averaged velocities is less than the characteristic swimming speed 
is 15% or more (Chapter 6, section 6.3). 
After iterations, a culvert design with 12 cells operating at 10% of the design discharge gives a 
discharge per unit width of 0.463 m2/s in the barrel, with a bulk velocity in the barrel Vmean = 0.43 
m/s, for which the relative low velocity zone (LVZ) area is 19% of the wetted area. 
In the bottom corners of the barrel cells, the low-velocity zones (LVZs) would have a 45º diagonal 
length DL from corner of 0.24 m, well in excess of the minimum required 35 mm (Chapter 6). 
In conclusion, a revised standard box culvert design with 12 cells is capable to provide low velocity 
zones (LVZs) facilitating the upstream fish passage to a guild of small-bodied fish with a minimum 
characteristic swimming speed (Ufish)min of 0.36 m/s or more, for discharges up to 15 m3/s or Q = QT 
= 0.1Qdes. This is achieved by ensuring that low velocity zone areas cover at least 15% of the 
water cross-sectional area. At design flow conditions Q = Qdes = 150 m3/s, the 12-cell box culvert 
will operate under outlet control flow conditions and the afflux will be 0.24 m. That is, a reduction 
in afflux of 0.20 m at design discharge compared to the original 9-cell standard culvert design. 
 
                                                 
7 Assuming implicitly that Qcell = Q/Ncell, with Ncell the number of identical culvert barrel cells. 
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Complete results 
Complete hydrodynamic calculations are performed for the three designs with Qdes = 150 m3/s, 95 
m3/s, 75 m3/s and 35 m3/s, with a characteristic swimming speed (Ufish)min of 0.36 m/s. The detailed 
results are summarised below. 
 Units  Qdes   Comments 
  150 m3/s 95 m3/s 75 m3/s 55 m3/s  
Qdes m3/s 150.0 95.0 75.0 55.0  
(Ufish)min m/s 0.36 0.36 0.36 0.36 Targeted fish species 
Ncell -- 12 10 8 8 Fish-friendly design 
Dcell m 2.700 2.400 2.400 2.100 Internal height 
Bcell m 2.700 2.400 2.400 2.100 Internal width 
NcellAcell m2 87.5 57.6 46.1 35.3 Total barrel cross-sectional area 
Afflux m 0.24 0.20 0.20 0.42 at design flow: Q = Qdes 
Umean m/s 0.43 0.42 0.44 0.42 at Q = QT = 0.1Qdes 
DL m 0.24 0.23 0.17 0.20 Bi-sector dimension for Q = 
QT = 0.1Qdes 
 
The final designs of fish-friendly box culverts are outlined with the channel cross-section in Figure 
7-6. For Qdes = 150 m3/s and 95 m3/s, a bridge design might be a more suitable alternative to a 
massive multicell box culvert structure. 
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engineering design
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Fig. 7-4 - Dimensioned sketch of the fish-friendly standard box culvert barrel design outlined for 
Qdes = 150 m3/s, 95 m3/s, 75 m3/s and 55 m3/s 
 
7.4 COMMENTARY AND DISCUSSION 
The above results were based upon the engineering design guidelines proposed in Chapter 6. They 
were compared to complete hydraulic engineering calculations, outlined in Appendix E. The 
comparison showed negligible quantitative differences, in terms of culvert barrel depth and barrel 
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bulk velocity for all three design discharges (8). 
Depending upon the characteristic swimming speed of the targeted fish species and guild, the 
current hydraulic engineering design guidelines of box culverts may or may not provide an adequate 
number of barrel cells to achieve upstream fish passage at 10% of the design discharge. Generally, 
the design calculations demonstrate conclusively that the cost of a fish-friendly box culvert 
increases with decreasing characteristic fish speed Ufish, increasing discharge threshold QT/Qdes and 
increasing percentage of LVZ area (CHANSON and LENG 2018) (Chapter 4, section 4.3). All 
calculations showed the critical impact of the characteristic speed Ufish of targeted fish species. 
Culvert costs increase markedly in order to pass small-bodied fish at swimming speeds less than 0.3 
m/s. Conversely, a targeted fish speed Ufish > 0.7 m/s seems much more achievable, but the 
biological implications are that most small-bodied fish would be blocked at these high water 
velocities. 
The hydraulic engineering calculations presented two "un-expected" trends, rarely discussed in 
traditional culvert design guidelines. These are related to (1) the maximum acceptable afflux hmax 
and (2) tailwater rating curve. An increase in maximum acceptable afflux hmax yields an increase in 
upstream specific energy, hence an increased bulk velocity in the barrel, at design discharge Qdes 
and a narrower barrel. In turn, the requirements for upstream fish passage are less likely to be met at 
less-than-design flow, i.e. in particular at Q = QT < Qdes. Simply an increasing number of cells may 
be required with increasing maximum acceptable afflux hmax, for the same design discharge The 
tailwater rating curve is the relationship between tailwater depth and discharge, or variations of 
natural downstream water level with water discharges (e.g. Fig. 7-2C). With outlet control operation 
at less than design discharges, a larger tailwater depth implies a slower fluid flow in the entire 
culvert barrel, and the fish passage requirement is more likely to be fulfilled. While these trends 
may be physically derived from basic hydrodynamic principles, they are rarely mentioned in current 
engineering design manuals of culverts, because less-than-design water discharges are not 
specifically considered. 
When the fish-friendly culvert design requires more cells than the optimum design for flood 
capacity (only), the revised design would operate with a smaller afflux at the design discharge. The 
reduction in upstream flooding might yield a lesser total cost of the structure: e.g., with a lower 
embankment and reduced impact on upstream catchment. The savings could contribute to offset 
partially the increased cost caused by the larger number of culvert barrel cells. 
                                                 
8  of less than 2%. At the end, both the simple engineering design guidelines (Chapter 6) and complete 
hydraulic engineering calculations yielded the same number of culvert barrel cells for the fish-friendly 
culvert designs. 
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More, the above example showed some impact of the design discharge on the final outcome. For 
Qdes = 150 m3/s, corresponding to a 17.5% AEP storm event, the final design would be a massive 
structure and a bridge might be more appropriate than a culvert. 
Finally, the selection of a minimum characteristic swimming speed (Ufish)min of 0.19 m/s, for 
southern purple spotted gudgeon (Mogurnda adspersa), an endangered fish species, would have led 
to a huge, physically meaningless culvert structure, even for the smallest design discharge of 55 
m3/s, and a bridge structure would be required. As an example, complete calculations led to a fish-
friendly standard box culvert design with 15 cells to provide low velocity zones (LVZs) facilitating 
the upstream fish passage to small-bodied fish with a characteristic swimming speed Ufish of 0.19 
m/s for discharges up to 5.5 m3/s or Q = QT = 0.1Qdes (Fig. 7-5). The effects of the minimum 
characteristic swimming speed on the fish-friendly box culvert design and the size of the structure 
are illustrated in Figure 7-5. 
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Fig. 7-5 - Dimensioned sketch of fish-friendly standard box culvert barrel designs outlined for Qdes 
= 55 m3/s for no consideration of fish passage (Ufish = +), Ufish = 0.36 m/s and Ufish = 0.19 m/s 
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8. DISCUSSION 
8.1 GENERAL COMMENTARIES 
A culvert structure incorporates typically an inlet, a barrel and an outlet. Considering a box culvert 
with invert set at ground level and built in a mild slope flood plain, the culvert operation at less-
than-design flows would include a relatively smooth flow convergence into the inlet, leading to the 
barrel entrance. The application of the equations of conservation of mass and energy to the inlet 
flow implies that the water depth in the inlet decreases as the flow is accelerated, yielding 
maximum bulk velocity in the culvert barrel. At the downstream end of the barrel, the flow in the 
outlet experiences some deceleration, often associated with flow separation and large-scale 
turbulence, while the water depth would remain about the same as in the culvert barrel and 
downstream flood plain. A typical example is discussed in Appendix E. Considering the upstream 
passage of small-bodied fish through a culvert, the fish need to swim against a steady current, and 
encounter the largest fluid velocities in the culvert barrel at less-than-design flows. Conversely the 
fish expand less mechanical work in the inlet and outlet, although the large-scale turbulent 
structures in the outlet might have some impact on the fish swimming ability. This simple reasoning 
highlights that, during less-than-design discharges, maximum velocities are experienced in the 
culvert barrel, thus justifying the present design approach. 
During the lifespan of a culvert, regular inspections and maintenance must be undertaken (Chapter 
2). Traditionally, works are conducted to prevent any reduction in discharge capacity at design flow 
conditions, e.g. obstructions are removed when they hinder the discharge capacity of the structure. 
Upstream fish passage requirements imply that a proper operation of the culvert at less-than-design 
discharge must be similarly considered during inspections and repair works. Culvert barrel 
roughening, e.g. concrete damage and alguae growth, may increase locally the boundary roughness, 
hence the size of the low velocity zone (LVZ) with potentially positive effect in terms of fish 
passage, when the roughening is regularly distributed. Sedimentation of culverts tends to affect 
adversely the culvert capacity during major floods, especially with cohesive sediments or when self-
cleaning conditions are not achieved (QUDM 2016). However sediment infilling may also benefit 
some fish species (DUGUAY et al. 2018). 
In summary, the operation of box culverts with upstream fish passage capabilities during less-than-
design discharges may imply a revised approach to maintenance, and must be linked to the targeted 
fish species. 
 
8.2 BOUNDARY TREATMENTS 
A range of wall boundary treatments and appurtenances were tested (Fig. 8-1), with the aim to 
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improve upstream passage of small fish in culvert barrel, focusing on boundary conditions that have 
a minor impact on the discharge capacity of the culvert at design discharge. Small-body-mass fish 
swim primarily next to the culvert barrel corners and sidewalls (Appendix H), albeit negative wake 
flows may disorientate small fish (CABONCE et al. 2018,2019, DUGUAY et al. 2018). Low-
velocity zones most suitable to small-bodied fish passage must fulfil: 
 0 < Vx < Ufish (8-1) 
where Vx is the local time-averaged longitudinal velocity component and Ufish is a characteristic fish 
speed (CHANSON and LENG 2018). Fish navigability in a culvert barrel also depends on the 
connectivity between these low positive velocity zone (LPVZ), e.g. where 0 < Vx < Ufish. 
The performances of boundary treatments were compared in terms of the size of low positive 
velocity zone: 0 < Vx < 0.5Vmean (LPVZ), and their longitudinal distribution (Appendix I). All the 
experimental works were conducted in rectangular channels with discharges typical of less-than-
design discharges, and fish endurance tests were conducted for a limited range of configurations 
and discharges (Appendix H). Importantly, the comparison was developed with identical water 
discharge, in line with engineering design practices. 
In the presence of different types of boundary treatments, all the observations showed the "sweet 
spots" that the fish exploit, namely regions of low-velocity and high-turbulence with intense 
secondary motion, irrespective of the boundary treatment. The comparative analysis of detailed 
hydrodynamic measurements with different boundary treatments suggest that the requirements for 
continuous, sizeable low positive velocity zone (LPVZ), e.g. 0 < Vx < 0.5Vmean, suitable to small-
bodied fish might be best improved with an asymmetrically roughened culvert barrel (1). 
 
Discussion 
While leading scholars emphasised "the role of turbulence on biotic communities" (MADDOCK et 
al. 2013, p. 433) and the complex "mechanics of fish–turbulence interactions" (NIKORA et al. 
2003, p. 1380), what do we really know about turbulence? Professor Peter BRADSAW reminded us 
that "turbulence and its measurement are both controversial subjects" (BRADSHAW 1971, p. xii). 
Researchers cannot be complacent about turbulence, because "many of its seemingly simple 
questions remain unanswered" (SMITS and MARUSIC 2013, p. 25). 
The interpretation of the turbulence typology is uppermost critical to a successful boundary 
treatment conducive to upstream passage of small-bodied weak-swimming fish. A precise 
knowledge of the entire three-dimensional velocity field is essential, because the rate of work and 
                                                 
1 That is, better than with baffles or streamwise rib(s) (Appendix I). 
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energy required by fish to thrust itself against the water discharge is proportional to the cube of the 
local fluid velocity, i.e. Vx3 (WANG and CHANSON 2018a). The in-depth understanding of the 
turbulent flow field constitutes a core requirement to comprehend the fish-fluid interactions, and a 
pre-requisite for physically-based mitigation measures of the ecological impact of culverts in terms 
of upstream fish passage. 
 
 
Fig. 8-1 - Examples of boundary treatments tested to improve upstream passage of small body-mass 
fish in standard box culvert barrel (see Appendix I for detailed dimensions) 
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8.3 BOX VERSUS PIPE CULVERTS 
Finally the present guidelines are developed for box culverts. While box culverts might be more 
effective in terms of fish passage, a large number of pipe culvert structures are installed worldwide, 
and the reader may ask: what are the key differences between box and pipe culvert barrels? 
In box culverts, low velocity zones are closely linked to the secondary currents in the barrel corners, 
and to the associated transverse gradient in local boundary shear stress. Circular pipe culverts 
operating at less-than-design flows present a vastly different velocity field, compared to box 
culverts, because of the smooth wetted perimeter geometry and the absence of corners. Low-
velocity zones are thin regions, owing to the lack of transverse boundary shear stress gradients (Fig. 
8-2). 
 
 
Fig. 8-2 - Comparative sketch of low velocity zone (LVZ) in box and pipe culvert flow fields for 
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less-than-design discharges 
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9. CONCLUSION 
A box culvert is a covered rectangular channel designed to pass water through an embankment. The 
recognition of the adverse ecological impacts of culverts on upstream fish passage is driving the 
development of new standard box culvert design guidelines, with a focus on small-bodied fish 
species seeking low velocity zones (LVZs) to minimise energy expenditure. In the context of 
Australian fish passage at road crossings and culverts, it is recognised that fish can swim through 
culverts as soon as the water discharges in the culvert barrel, i.e. Q > 0, and the water depth is 
suitable to the targeted fish species.. Most fish swim upstream preferentially in the corners and near 
sidewalls of the box culvert barrel, as observed with a number of Australian and North-American 
fish species (1). 
New hydraulic engineering guidelines are proposed based upon a number of basic design 
considerations: 
(a) design optimisation for flood capacity for Q = Qdes, and for upstream fish passage for Q < QT = 
0.1Qdes; 
(b) provision of low velocity zone (LVZ) representing at least 15% of the flow area and where 0 < 
Vx < Ufish for upstream fish passage (i.e. Q < QT), where Ufish is a characteristic fish speed, e.g. set 
by a regulatory agency or based upon biological observations and swimming test data; and 
(c) a smooth standard box culvert design, without appurtenance. 
The novel approach relies upon a solid understanding of turbulence in the box culvert barrel at less-
than-design discharges, and an accurate physically-based knowledge of the entire velocity field in 
the culvert barrel, specifically the longitudinal velocity map, to accurately characterise the low 
velocity zone (LVZ) next to the barrel walls and corners. Although the focus of the present 
guidelines is on the upstream passage of small-body-mass fish, typical of Australian native fish 
species, the approach and methodology are relevant to most standard box culvert structures and can 
be applied to a wider range of fish species. 
The fundamental design considerations lead to a two stage hydraulic engineering design. First the 
minimum number of culvert barrel cells (2) is calculated to achieve inlet control at design flow 
conditions, based upon current standards for optimum flood capacity design at the culvert site. 
Second, considerations for upstream fish passage are embedded into the design method, using 
biological considerations. The revised fish-friendly culvert design may include a larger number of 
                                                 
1 e.g., Duboulay’s rainbowfish, juvenile silver perch, Yellowstone cutthroat trout, rainbow trout, bluehead 
chub, redbreast sunfish, Johnny Darter, bluegill, margined madtom, swallowtail shiner. 
2 or the smallest internal barrel dimensions for a single cell standard box culvert. 
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barrel cells than the original design. In such a case, the reduction in upstream flooding might 
contribute to some savings which could partially offset the increased cost caused by the larger 
culvert barrel dimensions. 
The present document develops a physically-based rationale for fish-friendly standard box culvert 
design, embedding state-of-the-art hydrodynamic calculations into current hydraulic engineering 
design methods to yield cost-effective outcomes. The method is more general than previous 
attempts, yet simple and cost effective enough to be widely endorsed by the various stakeholders. 
By bridging the gap between engineering and biology, this novel approach may contribute to the 
restoration of catchment connectivity for native Australian fish. Finally, it must be stressed that the 
design of a culvert that is intended to be constructed would require the certification of a professional 
civil engineer. 
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APPENDIX A - GLOSSARY OF TECHNICAL TERMS 
Abutment: part of the valley side against which the dam or bridge is constructed. 
Accretion: increase of channel bed elevation resulting from the accumulation of sediment deposits. 
Advection: movement of a mass of fluid which causes change in temperature or in other physical or 
chemical properties of fluid. 
AEP: probability of exceedance of a given discharge within a period of one year, generally 
expressed in percentage. The AEP is estimated by extracting the annual maximum in each year 
to produce an annual maxima series (AMS) (BALL et al. 2016). 
Aerobic: activity involving, needing, oxygen. Aerobic fish swimming can be maintained for an 
extended period without fatigue and metabolic activity utilises only red muscle tissues. 
Afflux: rise of water level above normal level (i.e. natural flood level) on the upstream side of a 
culvert or of an obstruction in a channel. In the United States, it is commonly referred to as 
maximum backwater. 
Aggradation: rise in channel bed elevation caused by deposition of sediment material. Another term 
is accretion. 
Aleatory uncertainty: also called inherent uncertainty, it refers to uncertainty that arises through 
natural randomness or natural variability observed in nature (BALL et al. 2016). 
Allowable soil pressure: maximum pressure permitted on the foundation soil with appropriate 
safety against rupture of the soil mass or movement leading to the structure impairment. It is also 
called allowable bearing. 
Alternate depth: In open channel flow, for a given flow rate and channel geometry, the relationship 
between the specific energy and flow depth indicates that, for a given specific energy, there is no 
real solution (i.e. no possible flow), one solution (i.e. critical flow) or two solutions for the flow 
depth. In the latter case, the two flow depths are called alternate depths: one corresponds to a 
subcritical flow and the second to a supercritical flow. 
Amphidromous fish: diadromous fish migrating between freshwater and sea at some stages of the 
life cycle other than breeding: e.g., forked-tail catfish. 
Anadromous fish: diadromous fish spending most of their lives at sea and migrating to freswater to 
breed: e.g., lamprey. 
Anaerobic: activity not requiring oxygen. Anaerobic fish swimming cannot be maintained for an 
extended period and metabolic activity utilises only white muscle tissue. 
Analytical model: system of mathematical equations which are the algebraic solutions of the 
fundamental equations. 
Anguiliform fish propulsion: pure undulatory mode of fish propulsion in which the whole fish body 
contributes, although the amplitude of undulation may increase towards the tail (LIGHTHILL 
1975). Named after the common eel (Anguilla). 
APELT: Colin J. APELT is an Emeritus Professor in civil engineering at the University of 
Queensland (Australia). 
Apron: the area at the downstream end of a weir or culvert outlet to protect against erosion and 
scouring by water. 
ARI: Average value of period between exceedances of a given discharge, expressed typically as 1 in 
Y years. The ARI is derived from a peak over threshold series (PoTS) where every value over a 
chosen threshold is extracted from the period of record (BALL et al. 2016). 
Armouring: progressive coarsening of the bed material resulting from the erosion of fine particles. 
The remaining coarse material layer forms an armour, protecting further bed erosion. 
Backwater: In a subcritical flow, the longitudinal flow profile is controlled by the downstream flow 
conditions: e.g., an obstacle, a structure, a change of cross-section. Any downstream control 
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structure (e.g. bridge piers, weir) induces a backwater effect. More generally the term backwater 
calculations or backwater profile refer to the calculation of the longitudinal free-surface profile 
in open channel. The term is used for both supercritical and subcritical free-surface flows. 
Backwater calculation: calculation of the free-surface profile in open channels. The first successful 
calculations were developed by the Frenchman J.B. BÉLANGER who used a finite difference 
step method for integrating the equations (BELANGER 1828). 
BARRÉ de SAINT-VENANT: Adhémar Jean Claude BARRÉ de SAINT-VENANT (1797-1886), 
French engineer of the Corps des Ponts-et-Chaussées, developed the equation of motion of a 
fluid particle in terms of the shear and normal forces exerted on it (BARRÉ de SAINT-
VENANT 1871a,b). 
Barrel: for a culvert, central section where the cross-section is minimum. Another term is the throat. 
Baseflow: stream discharge hydrograph contributed primarily from the groundwater discharge. 
Bed load: sediment material transported by rolling, sliding and saltation motion along the bed. 
BÉLANGER: Jean-Baptiste Ch. BÉLANGER (1789-1874) was a French hydraulician and professor 
at the Ecole Nationale Supérieure des Ponts et Chaussées (Paris). He suggested first the 
application of the momentum principle to hydraulic jump flow (BELANGER 1841). 
Bélanger equation: momentum equation applied across a hydraulic jump in a horizontal rectangular 
channel and named after J.B.C. BÉLANGER (CHANSON 2009a). 
BERNOULLI: Daniel BERNOULLI (1700-1782) was a Swiss mathematician, physicist and botanist 
who developed the Bernoulli equation in his "Hydrodynamica, de viribus et motibus fluidorum" 
textbook (1st draft in 1733, 1st publication in 1738, Strasbourg). 
Bernoulli equation: basic principle derived from the Navier-Stokes equation, assuming no energy 
loss. 
BORDA: Jean-Charles de BORDA (1733-1799) was a French mathematician and military engineer, 
who investigated the flow through orifices and developed the Borda mouthpiece. 
Bottom outlet: opening near the bottom of a dam for draining the reservoir and flushing out 
reservoir sediments. 
Boundary layer: flow region next to a solid boundary where the flow field is affected by the 
presence of the boundary and where friction plays an essential part. A boundary layer flow is 
characterised by a range of velocities across the boundary layer region from zero at the boundary 
to the free-stream velocity at the outer edge of the boundary layer. 
BOUSSINESQ: Joseph Valentin BOUSSINESQ (1842-1929) was a French hydrodynamicist and 
Professor at the Sorbonne University (Paris). His treatise "Essai sur la théorie des eaux 
courantes" (BOUSSINESQ 1897) is an outstanding contribution in the hydraulics literature. 
Boussinesq coefficient: momentum correction coefficient named after J.V. BOUSSINESQ who first 
proposed it (BOUSSINESQ 1897). 
Boussinesq-Favre wave: an undular surge (see Undular surge). 
BOYS: P.F.D. du BOYS (1847-1924) was a French hydraulic engineer. He made a major 
contribution to the understanding of sediment transport and bed-load transport (BOYS 1879). 
BRESSE: Jacques Antoine Charles BRESSE (1822-1883) was a French applied mathematician and 
hydraulician. He was Professor at the Ecole Nationale Supérieure des Ponts et Chaussées, Paris 
as successor of J.B.C. BELANGER. His contribution to gradually-varied flows in open channel 
hydraulics is considerable (BRESSE 1860). 
Broad-crested weir: A weir with a flat long crest is called a broad-crested weir when the ratio of 
crest length to upstream head is greater than 1.5 to 3. When the crest is long enough, the pressure 
distribution along the crest is hydrostatic and the flow depth equals the critical flow depth dc = 
(q2/g)1/3. 
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BUAT: Comte Pierre Louis George du BUAT (1734-1809) was a French military engineer and 
hydraulician, and friend of Abbé C. BOSSUT. Du BUAT is considered as the pioneer of 
experimental hydraulics. His textbook (BUAT 1779) was a major contribution to flow resistance 
in pipes, open channel hydraulics and sediment transport. 
Bulk velocity: cross-sectional averaged velocity or mean flow velocity. 
Byewash: channel to carry spilled or wasted waters, i.e. ancient name for a spillway. 
Carangiform fish propulsion: fish propulsion mode in which the undulations are confined to a small 
posterior fraction of body length, mostly in the posterior third part of the fish's length 
(LIGHTHILL 1969, BLAKE 1983). Named after Caranx, a genus of tropical to subtropical 
marine fishes in the jack family Carangidae. 
Cartesian co-ordinate: one of three co-ordinates that locate a point in space and measure its 
distance from one of three intersecting co-ordinate planes measured parallel to that one of three 
straight-line axes that is the intersection of the other two planes. It is named after the French 
mathematician René DESCARTES. 
Catadromous fish: diadromous fish spending most of their lives in freshwater and migrating to the 
sea to breed: e.g., barramundi. 
Catchment: drainage basin. 
CHÉZY: Antoine CHÉZY (1717-1798) (or Antoine de CHÉZY) was a French engineer and member 
of the French Corps des Ponts-et-Chaussées. He designed canals for the water supply of the city 
of Paris. In 1768, he proposed a resistance formula for open channel flows called the Chézy 
equation. 
Chézy coefficient: resistance coefficient for open channel flows first introduced by the Frenchman 
A. CHÉZY. Although some thought to be a constant, the coefficient is a function of the relative 
roughness and Reynolds number. 
Choke: In open channel flow, a channel contraction might obstruct the flow and induce the 
appearance of critical flow conditions (i.e. control section). Such a constriction is sometimes 
called a 'choke'. 
Choking flow: critical flow in a channel contraction. The term is used for both open channel flow 
and compressible flow. 
Cofferdam: temporary structure enclosing all or part of the construction area so that construction 
can proceed in dry conditions. A diversion cofferdam diverts a stream into a pipe or channel. 
Cohesive sediment: sediment material of very small sizes (i.e. less than 50 m) for which cohesive 
bonds between particles (e.g. intermolecular forces) are significant and affect the material 
properties. 
Collars: see Cutoff collars. 
Conjugate depth: in open channel flow, another name for sequent depth. 
Consolidation: gradual reduction in volume of a soil mass as a result of compressive stresses. 
Control: Considering an open channel, subcritical flows are controlled by the downstream 
conditions. This is called a downstream flow control. Conversely supercritical flows are 
controlled only by the upstream flow conditions, i.e. upstream flow control. 
Control section: in an open channel, cross-section where critical flow conditions take place. The 
concept of control, hydraulic control and control section are used with the same meaning. 
Control surface: is the boundary of a control volume. 
Control volume: refers to a region in space and is used in the analysis of situations where flow 
occurs into and out of the space. 
Colebrook-White formula: formula to calculate friction loss coefficients in pipes, tube and ducts. 
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CORIOLIS: Gustave Gaspard CORIOLIS (1792-1843) was a French mathematician and engineer of 
the 'Corps des Ponts-et-Chaussées' who first described the Coriolis force (i.e. effect of motion on 
a rotating body). 
Coriolis coefficient: kinetic energy correction coefficient named after G.G. CORIOLIS who 
introduced first this velocity correction coefficient (CORIOLIS 1836). 
Critical depth: is the flow depth for which the mean specific energy is minimum. 
Critical flow conditions: In open channel flows, the flow conditions such as the specific energy (of 
the mean flow) is minimum are called the critical flow conditions. If the flow is critical, small 
changes in specific energy cause large changes in flow depth (BAKHMETEFF 1912, 
CHANSON 2006,2008). In practice, critical flow over a long reach of channel is unstable. 
Critical slope: When the uniform equilibrium flow depth is equal to the critical flow depth, the 
uniform equilibrium flow is critical, and the slope is called a critical slope. Critical slopes are 
seldom found in nature, because critical flow motion is unstable. 
Culvert: covered channel of relatively short length installed to pass water through an embankment, 
e.g. highway, railroad, dam. 
Cutoff collars: Cutoff collars are plates around culverts conduits designed to minimise seepage and 
reduce the risks of piping in the embankment along the pipe outer shell (USBR 1987). 
DARCY: Henri Philibert Gaspard DARCY (1805-1858) was a French civil engineer. He studied at 
Ecole Polytechnique between 1821 and 1823, and later at the Ecole Nationale Supérieure des 
Ponts et Chaussées (BROWN 2002). He performed numerous experiments of flow resistance in 
pipes (DARCY 1858) and in open channels (DARCY and BAZIN 1865), and of seepage flow in 
porous media (DARCY 1856). He gave his name to the Darcy-Weisbach friction factor and to 
the Darcy law in porous media. 
Darcy-Weisbach friction factor: dimensionless parameter characterising the friction loss in a flow. 
It is named after the Frenchman H.P.G. DARCY and the German J. WEISBACH. 
Debris: Debris comprise mainly large boulders, rock fragments, gravel-sized to clay-sized material, 
tree and wood material that accumulate in creeks. 
Degradation: lowering in channel bed elevation resulting from the erosion of sediments. 
Diadromous fish: migratory fish species which migrate between freshwater and seawater at fized 
seasons or life stages. 
Dimensional analysis: organisation technique used to reduce the complexity of a study, by 
expressing the relevant parameters in terms of numerical magnitude and associated units, and 
grouping them into dimensionless numbers. The use of dimensionless numbers increases the 
generality of the results. 
Diversion channel: waterway used to divert water from its natural course. 
Drainage layer: layer of pervious material to relieve pore pressures and/or to facilitate drainage: 
e.g., drainage layer in an earthfill dam. 
Drop structure: single step structure characterised by a sudden decrease in bed elevation. 
DUPUIT: Arsène Jules Etienne Juvénal DUPUIT (1804-1866) was a French engineer and 
economist. 
Earth dam: massive earthen embankment with sloping faces and made watertight. 
Eddy viscosity: a concept proposed by BOUSSINESQ (1897) that characterises the transport and 
dissipation of energy in the smaller-scale flow. It is another name for the momentum exchange 
coefficient, and it is also called "eddy coefficient" by SCHLICHTING (1979). (See Momentum 
exchange coefficient) 
Effective rainfall: proportion of catchment rainfall that finds its way into a stream. 
Embankment: fill material (e.g. earth, rock) placed with sloping sides and with a length greater than 
its height. 
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Epistemic uncertainty: refers to uncertainty associated with the state of knowledge of a physical 
system, the ability to measure it and the inaccuracies in the predictions of the physical system 
(BALL et al. 2016). 
Explicit method: calculation containing only independent variables; numerical method in which the 
flow properties at one point are computed as functions of known flow conditions only. 
Face: external surface which limits a structure: e.g. water face (i.e. upstream face) of a weir. 
Fawer jump: undular hydraulic jump. 
Filter: layer(s) of pervious soil materials placed to provide drainage without movement of soil 
particles. 
Finite differences: approximate solutions of partial differential equations which consists essentially 
in replacing each partial derivative by a ratio of differences between two immediate values: e.g., 
V/t  V/t. The method was first introduced by RUNGE (1908). 
First order (or second order) upwind scheme: a class of numerical discretisation methods that 
discretise hyperbolic partial differential equations by using differencing biased in the direction 
determined by the sign of the characteristic speeds. First or second order denote the order of 
numerical uncertainty. 
Fixed-bed channel: The bed and sidewalls are non-erodible boundaries. Neither erosion nor 
accretion occurs. 
Flash flood: flood of short duration with a relatively high peak flow rate. 
Flood frequency: frequency with which a flood has the probability of recurring. Measures of the 
rarity of a rainfall event include the Average Recurrence Interval (ARI) and Annual Exceedance 
Probability (AEP). When ARI is expressed in years, the relationship between AEP and ARI is: 
 1/ARIAEP 1 e   
 Generally it is preferable to express the rarity of an event in terms of AEP (BALL et al. 1987). 
Free-surface: interface between a liquid and a gas. More generally a free-surface is the interface 
between the fluid (at rest or in motion) and the atmosphere. In two-phase gas-liquid flow, the 
free-surface region includes also the air-water interface of gas bubbles and liquid drops. 
Free-surface aeration: Natural aeration occurring at the free surface of high velocity flows is 
referred to as free surface aeration or self-aeration. 
Freeboard: free-space clearance between the mean free-surface level and the roof (i.e. obvert). In a 
culvert, the free-board in the barrel must be at least 20% to prevent adverse effect (CHANSON 
2004, p. 445). 
FROUDE: William FROUDE (1810-1879) was a English naval architect and hydrodynamicist who 
invented the dynamometer and used it for the testing of model ships in towing tanks. He was 
assisted by his son Robert Edmund FROUDE who, after the death of his father, continued some 
of his work. In 1868, he used REECH's law of similarity to study the resistance of model ships. 
Froude number: The Froude number is proportional to the square root of the ratio of the inertial 
forces over the weight of fluid. The Froude number is used generally for scaling free surface 
flows, open channels and hydraulic structures. Although the dimensionless number was named 
after William FROUDE, several French researchers used it before (DUPUIT 1848, BRESSE 
1860, BAZIN 1865). Ferdinand REECH introduced the dimensionless number for testing ships 
and propellers in 1852. The number is also called the Reech-Froude number. 
G.K. formula: empirical resistance formula developed by the Swiss engineers E. GANGUILLET 
and W.R. KUTTER in 1869. 
Gate: valve or system for controlling the passage of a fluid. In open channels the two most common 
types of gates are the underflow gate and the overflow gate. 
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GAUCKLER: Philippe Gaspard GAUCKLER (1826-1905) was a French engineer and member of 
the French Corps des Ponts-et-Chaussées. He re-analysed the experimental data for open channel 
flows of DARCY and BAZIN (1865), and presented in 1867 a flow resistance formula, i.e. 
Gauckler-Manning formula, too often called improperly the Manning equation (GAUCKLER 
1867). 
Gradually varied flow: is characterised by relatively small changes in velocity and pressure 
distributions over a short distance (e.g. long waterway). 
Headwater: upstream flow. 
Headwater depth: upstream flow depth. 
Headwater level: upstream free-surface elevation. 
Hydraulic diameter: is defined as the equivalent pipe diameter: i.e., four times the cross-section 
area divided by the wetted perimeter. The concept was first expressed by the Frenchman P.L.G. 
du BUAT (BUAT 1779). 
Hydraulic jump: transition from a rapid supercritical flow to a slow flow motion (i.e. subcritical 
flow). Although the hydraulic jump was described by LEONARDO DA VINCI, the first 
experimental investigations were published by Giorgio BIDONE in 1820. The present theory of 
the jump was developed by BELANGER (1841) and verified experimentally since (e.g. 
BAKHMETEFF and MATZKE 1936). 
Hydrostatic pressure: pressure that is exerted by a fluid at equilibrium at a given position within the 
fluid caused  to the gravity force. 
Ideal fluid: frictionless and incompressible fluid. An ideal fluid has zero viscosity: i.e., it cannot 
sustain shear stress at any point. 
Implicit method: calculation in which the dependent variable and the one or more independent 
variables are not separated on opposite sides of the equation; numerical method in which the 
flow properties at one point are computed as functions of both independent and dependent flow 
conditions. 
Implicit solution: a numerical solution in the time-domain which is solved by equations involving 
both the current state of the system and the later one. 
Inflow: (1) upstream flow; (2) incoming flow. 
Inlet: (1) upstream opening of a culvert, pipe or channel; (2) a tidal inlet is a narrow water passage 
between peninsulas or islands. 
Inlet control: In a culvert, inlet control flow conditions mean that the hydraulic control is located at 
the entrance: e.g., critical flow conditions take place in the barrel with free-surface inlet. 
Intake: any structure in a reservoir through which water can be drawn into a waterway or pipe. By 
extension, upstream end of a channel. 
Internal friction: Portion of a soil's shearing strength due to the interlocking of the soil grains and 
the resistance to motion between grains. It is also called shear resistance. 
International system of units: see Système international d'unités. 
Invert: (1) lowest portion of the internal cross-section of a conduit; (2) channel bed of a spillway; 
(3) bottom of a culvert barrel. 
Inviscid flow: is a non-viscous flow. 
IPPEN: Arthur Thomas IPPEN (1907-1974) was Professor in hydrodynamics and hydraulic 
engineering at M.I.T. (USA). Born in London of German parents, educated in Germany 
(Technische Hochschule in Aachen), he moved to USA in 1932, where he obtained the M.S. and 
Ph.D. degrees at the California Institute of Technology. There he worked on high-speed free-
surface flows with Theodore von KARMAN. In 1945 he was appointed at M.I.T. until his 
retirement in 1973. 
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Irrotational flow: is defined as a zero vorticity flow. Fluid particles within a region have no 
rotation. If a frictionless fluid has no rotation at rest, any later motion of the fluid will be 
irrotational. In irrotational flow each element of the moving fluid undergoes no net rotation, with 
respect to chosen coordinate axes, from one instant to another. 
J.H.R.C.: Jump Height Rating Curve. 
J.H.R.L.: Jump Height Rating Level. 
KARMAN: Theodore von KARMAN (or von KÁRMÁN) (1881-1963) was a Hungarian fluid 
dynamicist and aerodynamicist who worked in Germany (1906 to 1929) and later in USA. He 
was a student of Ludwig PRANDTL in Germany. He gave his name to the vortex shedding 
behind a cylinder, i.e. Karman vortex street. 
Karman constant (or von Karman constant): pseudo-universal constant K of proportionality 
between the Prandtl mixing length and the distance from the boundary. Experimental results 
indicate that K = 0.4. 
KENNEDY: Professor John Fisher KENNEDY (1933-1991) was a hydraulic professor at the 
University of Iowa, USA. He succeeded Hunter ROUSE as head of the Iowa Institute of 
Hydraulic Research. 
KEULEGAN: Garbis Hovannes KEULEGAN (1890-1989) was an Armenian mathematician who 
worked as hydraulician for the US Bureau of Standards since its creation in 1932. 
Left abutment: abutment on the left-hand side of an observer when looking downstream. 
Left bank (left wall): Looking downstream, the left bank or the left channel wall is on the left. 
Lining: coating on a channel bed to provide water tightness, to prevent erosion or to reduce friction. 
Log law (or Law of Wall): describes the boundary layer characteristics, i.e. velocity as a function of 
distance from wall, near the close vicinity of walls based upon a Prandtl mixing length model 
(SCHLICHTING 1979, CHANSON 2014). 
Low-velocity zone (LVZ): flow area where the time-averaged longitudinal velocity Vx is small, 
typically substantially smaller than the bulk velocity Vmean. Low-velocity zones are essential for 
successful upstream passage because the rate of work and energy required by fish to thrust 
themselves against the current is proportional to the cube of the local fluid velocity (WANG and 
CHANSON 2018a). Recent work on small-body fish showed further that LVZs should not 
exhibit strong recirculation or negative velocity (CABONCE et al. 2018). 
L.V.Z.: see Low Velocity Zone. 
McKAY: Professor Gordon M. McKAY (1913-1989) was Professor in Civil Engineering at the 
University of Queensland. 
MANNING: Robert MANNING (1816-1897) was Chief Engineer of the Office of Public Works, 
Ireland. In 1889, he presented two formulae (MANNING 1890). One became the so-called 
Gauckler-Manning formula, but Robert MANNING preferred the second formula. It must be 
noted that the Gauckler-Manning formula was proposed first by the Frenchman P.G. 
GAUCKLER (GAUCKLER 1867). 
Meandering channel: alluvial stream characterised by a series of alternating bends (i.e. meanders) 
as a result of alluvial processes. 
M.E.L. culvert: see Minimum Energy Loss culvert. 
Mesh (or mesh grid): a network that is formed of cells and points for numerical 
simulation/calculation. 
Metabolism: chemical processes occurring within living organisms in order to maintain life. For 
example, those causing food to be used for energy and growth. 
Metric system: see Système métrique. 
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Mild slope: A channel slope is usually classified by comparing the uniform equilibrium flow depth 
to the critical flow depth. When the uniform equilibrium flow depth is larger than the critical 
flow depth, the uniform equilibrium flow is subcritical, and the slope is called a mild slope. 
Minimum energy loss culvert: culvert designed with very smooth shapes to minimise energy losses. 
The design of a minimum energy loss culvert is associated with the concept of constant total 
head. The inlet and outlet must be streamlined in such a way that significant form losses are 
avoided (APELT 1983). 
Momentum exchange coefficient: In turbulent flows the apparent kinematic viscosity, or kinematic 
eddy viscosity, is analogous to the kinematic viscosity in laminar flows. It is called the 
momentum exchange coefficient, the eddy viscosity or the eddy coefficient. The momentum 
exchange coefficient is proportional to the ratio of shear stress to strain rate, and first introduced 
by the Frenchman J.V. BOUSSINESQ (1877,1896). 
Moody diagram: a graph presented in dimensionless form, from which the relationship between 
Darcy-Weisbach friction factor, Reynolds number, and surface roughness can be drawn. 
Morton number: named after Rose Morton, a dimensionless number to describe the shape of 
bubbles or drops moving in a surrounding fluid or continuous phase 
NAVIER: Louis Marie Henri NAVIER (1785-1835) was a French engineer who primarily designed 
bridges but also extended EULER's equations of motion (NAVIER 1823). 
Navier-Stokes equation: momentum equation applied to a small control volume of incompressible 
fluid. It is usually written in vector notation. The equation was first derived by L. NAVIER in 
1822 and S.D. POISSON in 1829 by a different method. It was derived later in a more modern 
manner by A.J.C. BARRÉ de SAINT-VENANT in 1843 and G.G. STOKES in 1845. 
Nomograph: abaque for graphical calculations; design chart. 
Non uniform equilibrium flow: the velocity vector varies from place to place at any instant: steady 
non uniform flow (e.g. flow through an expanding tube at a constant rate) and unsteady non 
uniform flow (e.g. flow through an expanding tube at an increasing flow rate). 
Normal depth: uniform equilibrium open channel flow depth. 
Obvert: roof of the barrel of a culvert. Another name is soffit. 
One-dimensional flow: neglects the variations and changes in velocity and pressure transverse to the 
main flow direction. An example of one-dimensional flow can be the flow through a pipe. 
One-dimensional model: model defined with one spatial coordinate, the variables being averaged in 
the other two directions. 
Ostraciiform fish propulsion: propulsion mode of unstreamlined and encased fish in a body armour. 
The main means of propulsion is by fin undulations (LIGHTHILL 1975, BLAKE 1983). Named 
after the boxfish (Ostracion). 
Outflow: downstream flow. 
Outlet: (1) downstream opening of a pipe, culvert or canal; (2) artificial or natural escape channel. 
Outlet control: In a culvert, outlet control flow conditions imply that the culvert flow is controlled 
at the outlet, i.e. by the tailwater conditions. 
Overlay zone: fill or ballast directly over the culvert, typically more than 0.15 m. 
PASCAL: Blaise PASCAL (1623-1662) was a French mathematician, physicist and philosopher. He 
developed the modern theory of probability. Between 1646 and 1648, he formulated the concept 
of pressure and showed that the pressure in a fluid is transmitted through the fluid in all 
directions. 
Pascal: unit of pressure named after the Frenchman B. PASCAL: one Pascal equals a Newton per 
square-metre. 
Percolation: another name for seepage. 
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Piping: progressive removal of soil particles by percolating water leading to the development of 
preferential flow and channels. 
PITOT: Henri PITOT (1695-1771) was a French mathematician, astronomer and hydraulician. He 
was a member of the French Académie des Sciences from 1724. He invented the Pitot tube to 
measure flow velocity in the Seine river (first presentation in 1732 at the Académie des Sciences 
de Paris). 
Pitot tube: device to measure flow velocity. The original Pitot tube consisted of two tubes, one with 
an opening facing the flow. L. PRANDTL developed an improved design (HOWE 1949) which 
provides the total head, piezometric head and velocity measurements: it is called a Prandtl-Pitot 
tube. 
Potamodromous fish: migratory fish species which migrate only in freshwaters; e.g., bony bream, 
golden perch. 
Potential flow: ideal-fluid flow with irrotational motion. 
PRANDTL: Ludwig PRANDTL (1875-1953) was a German physicist and aerodynamicist who 
introduced the concept of boundary layer (PRANDTL 1904) and developed the turbulent 'mixing 
length' theory. He was Professor at the University of Göttingen. 
PREISSMANN: Alexandre PREISSMANN (1916-1990) was born and educated in Switzerland. 
From 1958, he worked on the development of hydraulic mathematical models at SOGREAH in 
Grenoble (France). 
Pressure outlet: Pressure outlet boundary conditions require the specification of a static (gauge) 
pressure at the outlet boundary. 
Prismatic: A prismatic channel has an unique cross-sectional shape independent of the longitudinal 
distance along the flow direction. For example, a rectangular channel of constant width is 
prismatic. 
Rapidly varied flow: is characterised by large changes over a short distance, e.g. sluice gate, 
hydraulic jump. 
Red muscle: fish muscle block consisting of relatively small quantity of fibres, designed for low-
speed sustained cruising (BLAKE 1983).  
REECH: Ferdinand REECH (1805-1880) was a French naval instructor who proposed first the 
Reech-Froude number in 1852 for the testing of model ships and propellers. 
REHBOCK: Theodor REHBOCK (1864-1950) was a German hydraulician and professor at the 
Technical University of Karlsruhe. His contribution to the design of hydraulic structures  and 
physical modelling is important. 
Residual: the numerical error in results 
REYNOLDS: Osborne REYNOLDS (1842-1912) was a British physicist and mathematician who 
expressed first the Reynolds number (REYNOLDS 1883) and later the Reynolds stress (i.e. 
turbulent shear stress). 
Reynolds number: dimensionless number proportional to the ratio of the inertial force over the 
viscous force. 
Rheotaxis: form of taxis seen in many aquatic organisms, including fish, whereby the organism will 
turn towards an incoming current (positive rhetaxis). 
Right abutment: abutment on the right-hand side of an observer when looking downstream. 
Right bank (right wall): Looking downstream, the right bank or the right channel wall is on the 
right. 
Roller: in hydraulics, large-scale turbulent eddy: e.g., the roller of a hydraulic jump. 
S.A.F.: St Anthony's Falls hydraulic laboratory at the University of Minnesota (USA). 
SAINT-VENANT: See BARRÉ de SAINT VENANT. 
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Scale effect: discrepancy between model and prototype resulting when one or more dimensionless 
parameters have different values in the model and prototype. 
Scour: bed material removal caused by the eroding power of the flow. 
Sediment: any material carried in suspension by the flow or as bed load which would settle to the 
bottom in absence of fluid motion. 
Sediment load: material transported by a fluid in motion. 
Sediment transport: transport of material by a fluid in motion. 
Seepage: slow movement of gravitational water through soil. 
Separation: In a boundary layer, a deceleration of fluid particles leading to a reversed flow within 
the boundary layer is called a separation. The decelerated fluid particles are forced outwards and 
the boundary layer is separated from the wall. At the point of separation, the velocity gradient 
normal to the wall is zero: 
 x
z 0
V 0z 
      
Separation point: in a boundary layer, intersection of the solid boundary with the streamline 
dividing the separation zone and the deflected outer flow. The separation point is a stagnation 
point. 
Sequent depth: In open channel flow, the solution of the momentum equation at a transition between 
supercritical and subcritical flow gives two flow depths (upstream and downstream flow depths). 
They are called sequent depths. 
Similitude: correspondence between the behaviour of a model and that of its prototype, with or 
without geometric similarity. The correspondence is usually limited by scale effects. 
Siphon: pipe system discharging waters between two reservoirs or above a dam in which the water 
pressure becomes sub-atmospheric. The shape of a simple siphon is close to an omega (i.e. -
shape). Inverted-siphons carry waters between two reservoirs with pressure larger than 
atmospheric. Their design follows approximately an U-shape. Inverted-siphons were commonly 
used by the Romans along their aqueducts to cross valleys. 
Slope: (1) side of a hill; (2) inclined face of a canal (e.g. trapezoidal channel); (3) inclination of the 
channel bottom from the horizontal. 
Sluice gate: underflow gate with a vertical sharp edge for stopping or regulating flow. 
Soffit: roof of the barrel of a culvert. Another name is obvert. 
Specific energy: quantity proportional to the energy per unit mass, measured with the channel 
bottom as the elevation datum, and expressed in metres of water. The specific is lined to the total 
head as; E = H - zo, where zo is the bed elevation. The concept of specific energy, first developed 
by B.A. BAKHMETEFF (1912), is commonly used in open channel flows. 
Spillway: opening built into a dam or the side of a reservoir to release (to spill) excess flood waters. 
Splitter: obstacle (e.g. concrete block, fin) installed on a chute to split the flow and to increase the 
energy dissipation. 
Stage-discharge curve: relationship between discharge and free-surface elevation at a given location 
along a stream. 
Stagnation point: is defined as the point where the velocity is zero. When a streamline intersects 
itself, the intersection is a stagnation point. For irrotational flow a streamline intersects itself at 
right-angle at a stagnation point. 
Standard k-ɛ model: a common turbulence model used in Computational Fluid Dynamics (CFD) to 
simulate mean flow characteristics for turbulent flow conditions. It is a two equation model that 
gives a general description of turbulence by means of two transport equations (PDEs). The 
original impetus for the k-ɛ model was to improve the mixing-length model, as well as to find an 
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alternative to algebraically prescribing turbulent length scales in moderate to high complexity 
flows: The first transported variable is the turbulence kinetic energy (k). The second transported 
variable is the rate of dissipation of turbulence energy (ε). 
Steady flow: occurs when conditions at any point of the fluid do not change with the time: 
 V 0t
   & 
P 0t
   
Steep slope: When the uniform equilibrium flow depth is smaller than the critical flow depth, the 
uniform equilibrium flow is supercritical, and the slope is called a steep slope. The notion of 
steep and mild slope is not only a function of the bed slope but is also a function of the flow 
resistance and implicitly of the flow rate and channel roughness. 
Stilling basin: structure for dissipating the energy of the flow downstream of a spillway, outlet 
work, chute or canal structure. In many cases, a hydraulic jump is used as the energy dissipator 
within the stilling basin. 
Storm water: excess water running off the surface of a drainage area during and immediately 
following a period of rain. In urban areas, waters drained off a catchment area during or after a 
heavy rainfall are usually conveyed in man-made storm waterways. 
Storm waterway: channel built for carrying storm waters. 
Streamline: is the line drawn so that the velocity vector is always tangential to it (i.e. no flow across 
a streamline). When the streamlines converge the velocity increases. The concept of streamline 
was first introduced by the Frenchman J.C. de BORDA. 
Stream tube: is a filament of fluid bounded by streamlines. 
Subcritical flow: In open channel the flow is defined as subcritical if the flow depth is larger than 
the critical flow depth. In practice, subcritical flows are controlled by the downstream flow 
conditions. 
Supercritical flow: In open channel, when the flow depth is less than the critical flow depth, the 
flow is supercritical and the Froude number is larger than one. Supercritical flows are controlled 
from upstream. 
Suspended load: transported sediment material maintained into suspension. 
Swimming speed: Types of fish swimming speed performance are generally based on the duration of 
swimming to when a fish becomes fatigued and requires rest: endurance speed, also called 
sustained speed, prolonged speed, and burst or darting speed. 
Système international d'unités: international system of units adopted in 1960 based on the metre-
kilogram-second (MKS) system. It is commonly called SI unit system. The basic seven units are: 
for length, the metre; for mass, the kilogram; for time, the second; for electric current, the 
ampere; for luminous intensity, the candela; for amount of substance, the mole; for 
thermodynamic temperature, the Kelvin. 
Système métrique: international decimal system of weights and measures which was adopted in 
1795 during the French Révolution. Between 1791 and 1795, the Académie des Sciences de 
Paris prepared a logical system of units based on the metre for length and the kilogram for mass. 
The standard metre was defined as 110-7 times a meridional quadrant of earth. The gram was 
equal to the mass of 1 cm3 of pure water at the temperature of its maximum density (i.e. 4 
Celsius) and 1 kilogram equalled 1,000 grams. The litre was defined as the volume occupied by 
a cube of 1103 cm3. 
T.W.R.C.: Tail Water Rating Curve. 
T.W.R.L.: Tail Water Rating Level. 
Tailwater: downstream flow. 
Tainter gate: is a radial gate. 
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Tailwater depth: downstream flow depth. 
Tailwater level: downstream free-surface elevation. 
Total head: The total head is proportional to the total energy per unit mass and per gravity unit. It is 
expressed in metres of water. 
Training wall: sidewall of chute spillway. 
Trashrack: screen comprising metal or reinforced concrete bars located at the intake of a waterway 
to prevent the progress of floating or submerged debris. 
Turbulence: Flow motion characterised by its unpredictable behaviour, strong mixing properties and 
a broad spectrum of length scales (LESIEUR 1994). 
Turbulent flow: In turbulent flows the fluid particles move in very irregular paths, causing an 
exchange of momentum from one portion of the fluid to another. Turbulent flows have great 
mixing potential and involve a wide range of eddy length scales. 
Two-dimensional flow: all particles are assumed to flow in parallel planes along identical paths in 
each of these planes. There are no changes in flow normal to these planes. An example of two-
dimensional flow can be an open channel flow in a wide rectangular channel. 
Two-phase flow: flow that has more than one phase/medium e.g. open channel flow contains two 
phases: one is water and one is air. 
U.S.A.C.E.: United States Army Corps of Engineers. 
U.S.B.R.: United States Bureau of Reclamation. 
Undular hydraulic jump: hydraulic jump characterised by steady stationary free-surface undulations 
downstream of the jump and by the absence of a formed roller. The undulations can extend far 
downstream of the jump with decaying wave lengths, and the undular jump occupies a 
significant length of the channel. It is usually observed for 1 < Fr1 < 1.5 to 3 (CHANSON and 
MONTES 1995). The first significant study of undular jump flow can be attributed to FAWER 
(1937) and undular jump flows should be called Fawer jump in homage to FAWER's work. 
Uniform equilibrium flow: occurs when the velocity and depth are identically the same at every 
point, in magnitude and direction, for a given instant: 
 meanV 0x
    &  
d 0x
   
 in which time is held constant and x is a longitudinal displacement. That is, steady uniform 
flow (e.g. liquid flow through a long pipe at a constant rate) and unsteady uniform flow (e.g. 
liquid flow through a long pipe at a decreasing rate). 
Unsteady flow: The flow properties change with the time. 
Uplift: upward pressure in the pores of a material (interstitial pressure) or on the base of a structure. 
Uplift pressures led to the destruction of stilling basins and even to the failures of concrete dams, 
e.g. Malpasset dam break in 1959. 
Upstream flow conditions: flow conditions measured immediately upstream of the investigated 
control volume. Another name is headwater conditions. 
Validation: comparison between model results and prototype data, to validate the model. The 
validation process must be conducted with prototype data that are different from that used to 
calibrate and to verify the model. 
Velocity inlet: Velocity inlet boundary conditions are used to define the flow velocity, along with all 
relevant scalar properties of the flow, at flow inlets. 
Vena contracta: minimum cross-section area of the flow (e.g. jet or nappe) discharging through an 
orifice, sluice gate or weir. 
Viscosity: fluid property which characterises the fluid resistance to shear: i.e. resistance to a change 
in shape or movement of the surroundings. 
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Volume of Fluid: a free-surface modelling technique in computational fluid dynamics (CFD). 
Von Karman constant: see Karman constant. 
Wake region: The separation region downstream of the streamline that separates from a boundary is 
called a wake or wake region. 
Warrie: Australian Aboriginal name for 'rushing water'. 
Waste waterway: old name for a spillway, particularly used in irrigation with reference to the waste 
of waters resulting from a spill. 
Wasteweir: a spillway. The name refers to the waste of hydroelectric power or irrigation water 
resulting from the spill. A staircase wasteweir is a stepped spillway. 
Water: common name applied to the liquid state of the hydrogen-oxygen combination H2O. Although the molecular structure of water is simple, the physical and chemical properties of H2O are unusually complicated. Water is a colourless, tasteless, and odourless liquid at room 
temperature. One most important property of water is its ability to dissolve many other 
substances: H2O is frequently called the universal solvent. Under standard atmospheric pressure, 
the freezing point of water is 0 Celsius (273.16 K) and its boiling point is 100 Celsius (373.16 
K). 
Weak jump: A weak hydraulic jump is characterised by a marked roller, no free-surface undulation 
and low energy loss. It is usually observed after the disappearance of undular hydraulic jump 
with increasing upstream Froude numbers. 
Weber number: Dimensionless number characterising the ratio of inertial forces over surface 
tension forces. It is relevant in problems with gas-liquid or liquid-liquid interfaces. 
Weir: low river dam used to raise the upstream water level. Measuring weirs are built across a 
stream for the purpose of measuring the flow. 
Wetted perimeter: Considering a cross-section (elected normal to the flow streamlines), the wetted 
perimeter is the length of wetted contact between the flowing stream and the solid boundaries. 
For example, in a circular pipe flowing full, the wetted perimeter equals the circle perimeter. 
Wetted surface: In open channel, the wetted surface refers to the surface area in contact with the 
flowing liquid. 
White muscle: fish muscle block consisting of relatively large mass of fibres, designed for high-
speed burst cruising (BLAKE 1983).  
Wing wall: sidewall of an inlet or outlet. 
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APPENDIX B - PHOTOGRAPHS OF CULVERT STRUCTURES 
B.1 STANDARD BOX CULVERTS 
 
Fig. B-1 - 3-cell standard box culvert beneath a sanitary sewer in Ambato, Ecuador (Courtesy of 
Napoleon PINO FLORES) - Colector Lalama, Qdes = 27 m3/s, stepped chute: step height: 0.80 m, 
step length: 0.97 m, width: 8.0 m, slope: 39.5º, location at 2600 m above sea level 
 
 
(A) Box culvert inlet in Muscat 
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(B) Box culvert inlet in Sultan Qaboos University campus 
Fig. B-2 - Box culverts in Muscat, Oman in October 2010 
 
  
Fig. B-3 - Box culverts in Aachen, Germany in May 2018 - Outlet (left) and inlet (right) - Note the 
large amount of debris blocking the inlet 
 
B-3 
 
Fig. B-4 - Box culvert with anti-tank 'dragon teeth' near Dreilügerbach dam, Germany on 3 May 
2018 - The structure was part of the Siegfried line, west of Aachen 
 
 
(A) Terasawa to Takatoyo/Ikobe Beach on 18 November 2008 
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(B) Terasawa Beach on 20 November 2008 
 
(C) Terasawa to Takatoyo Beach on 21 November 2008 
Fig. B-5 - Box culverts along the Enshu Coast, Japan 
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Fig. B-6 - Inlet (black arrow) of culvert of the tidal mill of Birlot, Bréhat, France on 9 August 2008 
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Fig. B-7 - Standard box culverts beneath the Warrego Highway in Dalby QLD, Australia on 6 April 
2018 
 
 
(A) Outlet of 3-cell culvert structure below Algester Rd, Algester QLD 
 
(B) Outlet of 5-cell culvert structure below Ridgewood St, Algester QLD 
Fig. B-8 - Standard box culverts in Algester QLD, Australia in August 1999 
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(A) Inlet of culvert along Rocky Water Hole beneath Gladstone Street 
  
(B) Culvert outlet (Left) and inlet (Right) along Stable Swamp Creek beneath Musgrave Road 
 
(C) Inlet of culvert along Stable Swamp Creek beneath Beaudesert Road 
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(D) Outlet of culvert along Stable Swamp Creek beneath Marshall Road in Granard Wetlands 
Fig. B-9 - Standard box culvert in Salisbury QLD, Australia on 19 July 2018 
 
  
(A, Left) Culvert outlet beneath Kate Street on 10 April 2017 
(B, Right) Culvert inlet beneath Kate Street on 10 April 2017 
  
(C, Left) Culvert outlet beneath Whitton Road on 15 October 2018 
(D, Right) Culvert inlet beneath Kate Street on 15 October 2018 
Fig. B-10 - Standard box culvert in Indooroopilly QLD, Australia 
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(A) Inlet on 10 April 2017 
 
(B) Inlet operation on 30 March 2017 
Fig. B-11 - Standard box culvert in Chapel Hill QLD, Australia 
 
 
Fig. B-12 - Standard box culvert along Gap Creek beneath Gap Creek Road, Brookfield QLD, 
Australia on 10 April 2017 
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(A) Large multi-cell box culvert along a tributary of Slacks Creek on 21 April 2018 
  
 
(B) Box culvert along Slacks Creek on 26 September 2018 - From Left to right, top to bottom: inlet, 
outlet, low-flow cell with baffles - The left cell, inlet and outflow channel were retroffited to 
facilitate fish passage at low flow, at an estimated cost of $125,00 
Fig. B-13 - Standard box culverts along Slacks Creek beneath Paradise Road, Logan QLD, 
Australia 
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Fig. B-14 - Standard box culvert along Pimpama Creek beneath Kerkin Road North, Albert QLD, 
Australia on 19 December 2002 - View from the left bank 
 
 
 
Fig. B-15 - Standard box culvert along Gin House Creek, Carrara QLD, Australia on 5 December 
2007 - Outlet and details of right cell used as pedestrian and cyclist path during dry seasons 
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Fig. B-16 - Standard box culvert inlet along Black Snake Creek beneath Louisa Street, Marburg 
QLD, Australia on 17 January 2011 
 
 
Fig. B-17 - Standard box culvert inlet along West Creek beneath Herries Street, Toowoomba QLD, 
Australia on 10 March 2011 
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Fig. B-18 - Standard box culvert outlet along Marom Creek beneath Bruxner highway B60 
(Wollongbar NSW, Australia) on 28 October 2016 
 
 
Fig. B-19 - Standard box culvert outlet downstream of Lake Dyer dam spillway at Laidley QLD, 
Australia on 28 September 2018, with Lake Dyer embankment dam on the far right 
 
 
(A) 4-cell box culvert inlet beneath Bowman Road intersection with Bulcock Street - The structure 
is subjected to tidal tailwater conditions 
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(B) Inlet of 6-cell box culvert beneath Caloundra Road 
  
(C) Outlet (left) and inlet (right) of 5-cell box culvert beneath Industrial Avenue 
Fig. B-20 - Standard box culverts in Caloundra QLD, Australia on 10 October 2018 
 
 
Fig. B-21 - Standard box culvert beneath Michigan Driver, Oxenford QLD, Australia on 18 
September 2003 
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(A, Left) Concrete cell (2 m  2.8 m) 
(B Right) Concrete cell 
Fig. B-22 - Details of standard box culvert barrels 
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B.2 STANDARD PIPE CULVERTS 
 
Fig. B-23 - Pipe culvert in Sultan Qaboos University campus, Muscat, Oman on 31 October 2010 
 
 
Fig. B-24 - Pipe culvert at Coo-Trois-Ponts, Belgium on 18 May 2018 
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Fig. B-25 - Corrugated culvert outlet in Parc de Frontenac (Canada) on 13 June 2004 
 
Fig. B-26 - Pipe culvert in Vietnam (Courtesy of Nicholas LOMBARDI) 
 
Fig. B-27 - Pipe culvert outlet in The Gap QLD, Australia on 26 August 2001 
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(A) Culvert outlet on Rocky Water Hole beneath McCarthy Road QLD, Salisbury on 19 July 2018 
 
(B) Inlet of culvert along Stable Swamp Creek beneath Ipswich Motorway M7 in Granard Wetlands 
Fig. B-28 - Standard pipe culvert in Salisbury QLD, Australia on 19 July 2018 
 
Fig. B-29 - Standard pipe culvert beneath Indooroopilly Road, in St Lucia QLD, Australia on 15 
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October 2018 
 
 
Fig. B-30 - Standard pipe culvert outlet in Indooroopilly QLD, Australia on 15 October 2018 
 
 
Fig. B-31 - Standard pipe culvert outlet along Sandy Creek beneath Sexton Street, Taragindi QLD, 
Australia on 30 August 2004 
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B.3 MINIMUM ENERGY LOSS (MEL) CULVERTS 
 
 
(B) Outlet on 5 August. 2000 
Fig. B-32 - Minimum Energy Loss culvert on Norman Creek beneath the South-East Freeway along 
Birdwood Road, Holland Park QLD, Australia - Qdes  170 m3/s, 4 cells (2 m  3 m), barrel length: 
110 m, construction in 1973-1975 
 
 
(A) Outlet on 13 May 2002 
 
(B) Outlet on 18 September 2003 
Fig. B-33 - Minimum Energy Loss culvert on Norman Creek beneath Ridge Street, Greenslopes 
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QLD, Australia - Qdes  220 m3/s, 7 cells (2 m  3.5 m), construction in 1973-1975 
 
 
Fig. B-34 - Minimum Energy Loss culvert beneath the Gateway Freeway in Wynnum QLD, 
Australia - Inlet on 11 September 2002 
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B.4 BRIDGE STRUCTURES AND FLOOD PLAINS 
B.4.1 Flood plains 
 
Fig. B-35 - Flood plain in Taiwan West coastal plains between Kaohsiung County and Taichung 
County on 4 December 2017, looking downstream 
 
 
Fig. B-36 - Norman Creek flood plain (Holland Park QLD, Australia) on 18 September 2003, 
shortly after some stream rehabilitation downstream of Birdwood Road - Looking downstream 
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Fig. B-37 - Norman Creek flood plain (Greenslopes QLD, Australia) on 24 February 2018 after 
more than 100 mm  of rain in catchment for past 24 hours - Looking upstream  
 
 
Fig. B-38 - Water level gauging station on Laidley Creek, Mulgowie QLD, Australia on 28 
September 2018 - Note the dry river bed in the background right 
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B.4.2 Causeways 
 
Fig. B-39 - Causeway along Laidley Creek, Lockyer Valley QLD, Australia on 28 September 2018 
- Looking upstream from the right bank 
 
B.4.3 Bridges 
 
Fig. B-40 - Bridge over Ruisseau Le Rieu Sec, St-Julien-Mont-Denis, France on 11 February 2004 
looking downstream - Note the large amount of sediment materials on the river bed 
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Fig. B-41 - Bridge over Laidley Creek, Lockyer Valley QLD, Australia on 28 September 2018 - 
Looking downstream 
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B.5 CULVERT OPERATION INCLUDING EMBANKMENT OVERTOPPING, CULVERT 
DAMAGE AND OPERATIONAL ISSUES 
B.5.1 Flood flow beneath culverts 
  
(A) Inlet (B) Outlet 
Fig. B-42 - Whitton Creek flood flow in Indooroopilly QLD, Australia on 24 March 2018 morning 
after more than 160 mm of rain in catchment in last 24 hours - Culvert beneath Whitton Road 
 
  
(A) Inlet operation on 24 March 2018 morning after more than 160 mm of rain in catchment in last 
24 hours (Inset: details of small standing wave in culvert inlet) 
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(B) Outlet operation on 24 March 2018 morning 
  
(C, Left) Inlet operation on 30 March 2017 afternoon after more than 128 mm of rain in catchment 
for the past 24 hours 
(D, Right) Outlet operation on 30 March 2017 
Fig. B-43 - Whitton Creek flood flow in Indooroopilly QLD, Australia - Culvert beneath Kate 
Street 
 
 
Fig. B-44 - Standard pipe culvert outlet during small flood in Cubberla Creek beneath Greenford 
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Street, Chapel Hill QLD, Australia on 30 March 2017 after 128 mm of rain in catchment for the 
past 24 hours 
 
 
(A) Inlet operation on 21 December 2001 
  
(B) Inlet operation on 20 May 2009 
 
(C) Inlet operation on 30 March 2017 after more than 94 mm of rain in catchment for the past 24 
hours - Photograph taken near flood peak flow 
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(D) Submerged inlet operation on 7 November 2004 (Q ~ 100 m3/s) 
  
(E) Outlet operation on 24 February 2018 morning after more than 100 mm of rain in catchment in 
last 24 hours - Photograph taken during receding waters 
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(F) Outlet operation on 30 March 2017 after more than 94 mm of rain in catchment for the past 24 
hours - Photograph taken near flood peak flow 
Fig. B-45 - Norman Creek flood flows in Greenslopes QLD, Australia - Culvert beneath Cornwall 
Street 
 
 
Fig. B-46 - Small culvert outlet after a major flood of Caswell Creek near Tamborine QLD, 
Australia in the Coomera River catchment on 31 March 2017 morning 
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(A) Inlet flow on 7 November 2004 
  
(B) Inlet operation on 20 May 2009 - Note the standing wave (i.e. hydraulic jump) in the inlet (Left 
photograph) 
 
(C) Outlet flow on 31 December 2001, looking downstream 
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(D) Outlet operation on 20 May 2009 
Fig. B-47 - Norman Creek flood flows in Greenslopes QLD, Australia - Culvert beneath Ridge 
Street 
 
 
(A) Inlet operation on 20 May 2009, with a hydraulic jump in the inlet 
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(B) Outlet operation on 7 November 2004 
Fig. B-48 - Norman Creek flood flows in Holland Park QLD, Australia - Culvert beneath South-
East Freeway next to Birdwood Road 
 
B.5.2 Embankment overtopping during culvert operation 
 
(A) Road overtopping on Tuesday 11 January 2011 afternoon 
 
(B) Roadway on 17 January 2011 
Fig. B-49 - Haigslee-Fernvale road culvert looking North about 1 km North of the Warrego 
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Highway QLD, Australia in January 2011 - Flow direction from left to right 
 
 
Fig. B-50 - Submerged culvert road embankment near Tamborine (QLD, Australia) in the Coomera 
River catchment on 31 March 2017 morning - Flow from right to left 
 
 
Fig. B-51 - Hydraulic jump downstream of submerged roadway culvert outlet along Gold Creek, 
Brookfield QLD, Australia on 27 December 2010 - Looking downstream, viewed from the roadway 
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B.5.3 Culvert damage 
 
Fig. B-52 - Small damaged culvert beneath the Warra-Kogan Road in the Condamine River 
catchment, Australia on 5 January 2011, after some major road overtopping 
 
B.5.4 Operational considerations 
 
Fig. B-53 - Precast concrete box element (Crown unit) - The 1200 mm  600 mm element weights 
2190 kg 
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(A) Box culvert inlet obstructed by bridge circular piers on 5 August 2000 - Norman Creek beneath 
Sterculia Avenue, Greenslope QLD, Australia, upstream of Marshall Road (below the busway) - 
The concrete piers affect adversely the inflow conditions and may reduce the discharge capacity of 
the culvert structure 
 
 
(B) Trashrack installed upstream culvert in St Lucia QLD, Australia beneath Indooroopilly Road in 
Robertson Park on 15 October 2018 - Note the large head loss induced by the partially-blocked 
trashrack 
Fig. B-54 - Impact of man-made structures on culvert operation 
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(A) Inlet of 3-cell box culvert along Marom Creek beneath Bruxner highway B60 (Wollongbar 
NSW, Australia) on 18 October 2016 - Blockage by large tree logs and branches 
 
(B) Box culvert inlet blocked by a large amount of debris in Aachen, Germany in May 2018 
Fig. B-55 - Debris blockage of culvert inlet 
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Fig. B-56 - Siltation in a box culvert in Salisbury QLD, Australia - Sediment removal from culvert 
along Rocky Water Hole beneath Gladstone Street on 19 July 2018 
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APPENDIX C - ON CATCHMENT HYDROLOGY 
Broadly, hydrology is the science of Earth's water in relation to the environment within each phase 
of the hydrologic cycle. Engineering hydrology deals with the design and operation of projects 
using water resources, although it encompasses interactions with meteorology, geology, water 
chemistry and physics, biology, economy, and several other fields. 
Considering a hydraulic structure, e.g. a culvert, the hydrological study of the catchment provides a 
relationship between the rainfall and stream discharge. Figure C-1 illustrates the measured response 
of a small catchment to a relatively intense storm event on 9 March 2001. Figure C-1A presents the 
rainfall intensity data for the 8 rain gauges located in the catchment, illustrating some spatial 
variability. Figure C-1B shows the discharge in the creek at the downstream end of the  8.5 km2 
catchment. At the beginning of the rainstorm event, the stream discharge was very small and a 
period of time passed before the creek began to rise. During that period, the rainfall runoff was 
being intercepted by the catchment vegetation or infiltrated into the ground. Once the catchment 
became partially saturated, the rainfall started to contribute directly to the river discharge.  
A flood frequency analysis deals with the probability distribution of significant peak discharges at a 
particular site. In a given year, there may be several peak discharges associated with the various 
individual storm events. Figure C-2 shows a time-series of gauged discharge data for a 20 year 
period. Two estimates of flood risks are the annual maximum series and the peak over threshold 
series (BALL et al. 2016). The former is made of the maximum discharge in each year for a N-year 
discharge record. The latter is formed by extracting every statistically independent peak flow, 
exceeding a threshold discharge, from the N-year discharge record. This yields a series {Q1, .. ,Qm} 
where Qi is the peak discharge associated with the i-th statistically independent flood event in the 
N-year record. The threshold discharge is typically selected such as: m > 2N to 3N. Table C-2 
lists the peak discharge for the hydrograph seen in Figure C-2. Considering the discharge peaks in a 
peak over threshold series, the annual exceedance probability (AEP) and the number of exceedances 
per year (EY) are linked as: 
 EY(Q)AEP(Q) 1 e   (C-1) 
 EY(Q) Ln(1 AEP(Q))    (C-1) 
In Australia, BALL et al. (2016) recommended the following approach: (a) for AEP < 10%, that is 
events rarer than 10% AEP, the usage of the annual maximum series is preferred and easier to 
extract, although there might be exceptions; and (b) for EY > 0.2 events per year, i.e. events more 
frequent than 0.2 EY or AEP > 0.1813, the use of a POT series is preferred. In particular, the  
annual maximum series may omit many floods of interest. Many small to medium size culvert 
structures are designed for design events corresponding to the second situation, while large 
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structures for national links (e.g. railway) would be designed based upon annual maximum data 
series analysis. 
In some circumstances, series other than the annual maxima or peak-over-threshold (POT) series 
may be used: e.g., the monthly and seasonal series. For example, maximum monthly flows are an 
approximation to the POT series in many parts of Australia (BALL et al. 2016). 
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(A) Rainfall intensity: mean, minimum and maximum values (8 rain gauges) 
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(B) Discharge stage hydrograph during the flood event 
Fig. C-1- Rainfall intensity and discharge hydrograph during a flood event on 9 March 2001 at 
Holland Park East station in upper Norman Creek catchment QLD, Australia (catchment area: 8.5 
km2) - Data: YU et al. (2007) 
 
Peak-over-threshold gauged series 
A peak-over-threshold (POT) gauged data series includes all floods with peak discharges above a 
selected base value, regardless of the number of such floods occurring each year (BALL et al. 
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2016). When the selected base value is sufficiently high, the POT series exclude small events that 
are not real floods. This is particularly important for Australia, where the hydrological conditions 
can yield a large range of discharges as well as longer periods of non-occurrence of floods (BALL 
et al. 2016). The selection of a criterion for independence of successive peaks, may require some 
subjective judgement by practitioners, designers and analysts in a case by case situation (1). 
 
AEP versus ARI 
The average recurrence interval (ARI) and annual exceedance probability (AEP) are both 
quantifying the rarity of rainfall event. The AEP is the probability that a given rainfall total 
accumulated over a given duration will be exceeded in any one year, while the ARI is the average, 
or expected, value of the periods between exceedances of a given rainfall total accumulated over a 
given duration (LAURENSON 1987). Since the ARI is the inverse of the number of exceedances 
per year (EY): ARI = 1/EY, Equation (C-1) yields the conversion table C-1 
 
Table C-1 - Conversion table between average recurrence interval (ARI) and annual exceedance 
probability (AEP) 
 
ARI AEP 
(years)  
1 0.632 
2 0.393 
5 0.181 
10 0.095 
20 0.049 
50 0.020 
100 0.010 
 
Data quality 
Hydrograph data may contain gaps for a variety of reasons, ranging from the malfunction of 
recording equipment to maintenance periods. When the gauging station is located at a site with an 
unstable cross-section, the rating curve may become incorrect causing some systematic, yet 
unknown bias. 
                                                 
1 As an illustration, the hydrograph of the Laura River (Fig. C-2) includes two closely related peak 
discharges: 84.6 m3/s on 24/8/2016 at 05:30 and 71.3 m3/s on 25/8/2016 at 01:30. While the latter would be 
the 17th peak discharge for the period, it was considered related, following POTTER and PILGRIM (1971). 
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Application 
The Laura River at Laura NSW, Australia has a catchment area of 31 km2. The inland catchment is 
part of the Murray-Darling Basin, and the gauging station is about 60 km NW of the city of 
Armidale NSW. The hydrological data of the site are regrouped in Figure C-2 and Table C-2 for a 
20-year period (1998-2018). Figure C-2 shows the time series of the stream discharges, with a 
logarithmic vertical scale. Table C-2 presents the sort peak discharges of the Laura River for the 
same period. 
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Fig. - C-2 - Time series of hydrographic data for the Laura River at Laura NSW, Australia from 1 
November 1998 to 1 November 2018 - Catchment area: 311 km2 - Note the vertical logarithmic 
scale 
 
Glossary 
AEP = annual exceedance probability; 
AM = annual maxima; 
EY = exceedances per year; 
POT = peak-over-threshold. 
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Table C-2 - Peak discharges (sorted data) of the Laura River at Laura for the period 1 November 1 
998 to 1 November 2018 (Data: WaterNSW) 
 
Rank Date and time Water level Qpeak 
  (m) (m3/s) 
1 28/01/2015 0:00 3.061 216.0 
2 26/11/2011 15:45 2.915 191.6 
3 17/01/2004 8:00 2.729 162.8 
4 12/12/2007 2:45 2.594 143.5 
5 29/11/2011 22:00 2.529 134.7 
6 12/10/2017 15:30 2.513 132.5 
7 21/08/2007 5:30 2.398 117.9 
8 29/06/2017 18:30 2.333 110.3 
9 12/02/2008 16:30 2.318 108.6 
10 6/12/2007 4:00 2.194 95.0 
11 6/12/2007 4:30 2.170 92.5 
12 17/11/2010 3:15 2.124 87.8 
13 27/11/2001 2:15 2.124 87.8 
14 24/08/2016 5:30 2.092 84.6 
15 12/01/2011 19:45 2.07 82.5 
16 29/09/2011 20:45 2.022 77.9 
17 25/08/2016 1:30 1.953 71.3 
18 12/02/2011 12:00 1.832 60.6 
19 15/04/2003 0:15 1.821 59.7 
20 13/02/2008 0:00 1.776 56.1 
21 16/10/2010 8:15 1.769 55.6 
 
Comment: The sorted data list two closely-related events: two closely related peak discharges: (14) 
84.6 m3/s on 24/8/2016 at 05:30 and (17) 71.3 m3/s on 25/8/2016 at 01:30. The latter may be 
considered related, following POTTER and PILGRIM (1971). 
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APPENDIX D - NATURAL FLOODPLAIN FLOW CALCULATIONS 
D.1 PRESENTATION 
The construction of a culvert structure impacts on a catchment. In absence of culvert, the river 
channel responds to floods in a deterministic way, set by basic principles. Namely the conservation 
of mass, momentum and energy. In many cases, the water depth d is equal to or close to the uniform 
equilibrium flow depth in the flood plain for the relevant discharge Q. In other situations, basic 
hydraulic calculations may be conducted assuming implicitly a mild slope, for which gradually-
varied flow properties correspond to a subcritical flow motion and may be controlled by 
downstream boundary conditions., e.g. weir, riffles, change in bed slope. 
In the following paragraph, both uniform equilibrium and gradually-varied flow calculations are 
presented. The results may be used to predict the tailwater conditions of a culvert structure installed 
in a mild slope river channel, when river gauge data are not available. 
 
D.2 UNIFORM EQUILIBRIUM FLOW CONDITIONS (NORMAL FLOW CONDITIONS) 
For a steady and uniform equilibrium open channel flow, the flow properties, i.e. depth d and mean 
velocity Vmean, are independent of time and of longitudinal position. The application of the 
momentum equation in an integral form yields an exact balance between the gravity force 
component in the flow direction and the boundary shear force. The result is a theoretical solution of 
the uniform equilibrium mean flow velocity: 
 Hmean D8 gV sinf 4
     uniform equilibrium flow  (D-1) 
where Vmean is the mean velocity, or cross-sectional averaged velocity, g is the gravity acceleration, 
f is the Darcy-Weisbach friction factor, DH is the hydraulic diameter and  is the angle between the 
channel bed and the horizontal. The hydraulic diameter is defined as: DH = 4A/Pw, with A the flow 
cross-section area (1) and Pw the wetted perimeter (Fig. D-1). The term sin is called the bed slope 
and denoted So = sin. 
Equation (D-1) is solved iteratively since the friction factor is a function of the mean flow velocity 
and water depth (HENDERSON 1966, CHANSON 2004), while the water discharge Q must fulfil 
the conservation of mass: 
 Q = VmeanA (D-2) 
 
                                                 
1 The flow cross-section area is measured perpendicular to the streamlines. 
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Fig. D-1 - Definition sketch of the flow area in a natural channel (looking downstream) 
 
Discussion 
In man-made channels, Equation (D-1) is the only correct expression of the momentum equation for 
uniform equilibrium flow in an open channel. In many practical turbulent flow situations, the 
Darcy-Weisbach friction factor may be estimated using the Colebrook-White formula: 
 s10
H
k1 2.512.0 log 0.2695 Df Re f
       
 (D-3) 
where ks is the equivalent sand roughness height of the boundary surface and Re is the Reynolds 
number Re = VmeanDH/, with  the water density and  the water dynamic viscosity (2). The 
Darcy-Weisbach friction factor appears on both sides of the Colebrook-White formula (Eq. (D-3)) 
which must be solved iteratively. It may also be solved graphically, e.g. using the Moody diagram. 
Typical values of equivalent sand roughness height and Darcy-Weisbach friction factor are reported 
in Table D-1. 
In natural channels, the solution of the momentum equation may be rewritten in terms of empirical 
friction coefficient, such as a Chézy coefficient CChézy (in m1/2.s) or Gauckler-Manning coefficient 
nGM (in s/m1/3): 
 ézy Hmean Ch DV C sin4     (D-4) 
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        (D-5) 
                                                 
2 At 20 Celsius, the water density and dynamic viscosity are respectively:  = 998.2 kg/m3 and  = 0.001005 
Pa.s. 
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Table D-1 - Typical equivalent sand roughness height and friction coefficients for concrete channels 
 
Boundary ks f CChézy nGM 
surface (mm)  (m1/2.s) (s/m1/3) 
Smooth concrete 0.3 to 3 0.012 to 0.02 62 to 80 0.012 
Rough concrete 3 to 10 0.015 to 0.03 51 to 72 0.014 
 
D.3 GRADUALLY-VARIED FLOW CONDITIONS 
For a steady gradually-varied open channel flow, the differential form of the energy equation gives 
a relationship between the total head H and flow resistance in the form: 
 fH Sx
    gradually-varied flow  (D-6) 
where x is the longitudinal distance following the river channel and positive downstream, and Sf is 
the friction slope defined as: 
 
2
meanf
H
VfS D 2 g    (D-7) 
The friction slope is the slope of the total head line. For an open channel flow and hydrostatic 
pressure distributions, the total head is: 
 
2
meano
VH d cos z 2 g      (D-8) 
with zo the invert elevation. 
Also called the backwater equation, Equation (D-6) may be applied to gradually-varied steady flows 
in natural and man-made channels. It is valid within well-defined assumptions (HENDERSON 
1966, CHANSON 2004). 
The backwater equation may be integrated numerically, starting from a location of known water 
depth. A well-known integration method is the standard step method, distance calculated from 
depth, or depth calculated from distance (MONTES 1998). 
 
Discussion 
In natural channels, the friction slope might be expressed in terms of the empirical friction 
coefficient CChézy and nGM: 
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APPENDIX E - HYDRAULIC CALCULATIONS OF LESS-THAN-DESIGN 
FLOW IN A BOX CULVERT 
E.1 PRESENTATION 
A culvert is a covered channel designed to pass water beneath an embankment. The design can vary 
from a simple geometry (standard box culvert) to a hydraulically-smooth shape (M.E.L. culvert) 
(APELT 1983, CHANSON 1999). A culvert consists of three components: the intake or inlet, the 
barrel or throat, and the diffuser or outlet. Current engineering practices lead to an optimum design 
with the smallest barrel cross-section area with inlet control conditions for the design discharge and 
maximum acceptable afflux (CHANSON 2004, Concrete Pipe Association of Australia 2012). The 
following paragraphs discuss hydraulic calculations for less-than-design flow conditions of a 
culvert located in a mild slope flood plain. 
For a flat flood plain and discharges substantially smaller than the design flow, the flow is 
subcritical in the entire culvert structure, accelerating in the inlet, fastest in the barrel, and 
decelerating with some energy dissipation in the outlet. In the flood plain, the flow is subcritical in 
absence of culvert structure. With the culvert structure installed in the ground level, the tailwater 
conditions are the same as in absence of the culvert and the tailwater depth is denoted dtw (Fig. E-1). 
 
E.2 APPLICATION 
For small discharges, the flow is subcritical and best controlled from downstream (Fig. E-1). 
Hydraulic calculations are performed from the tailwater where the water discharge Q and the flow 
depth dtw are known (1). For a low flow, outlet control takes place basically (BATES et al. 2003, 
HOTCHKISS and FREI 2007). In the outlet, flow separation and form losses occur for expansion 
angles greater than 5º to 8º (MONTES 1998, CHANSON 2004). In practice, a majority of culvert 
outlets are built with wingwalls oriented between 30º to 60º from the culvert barrel centreline. The 
energy losses in the outlet are significant and must be estimated accurately. For a horizontal 
channel, the application of the energy equation between the culvert barrel exit and the tailwater flow 
yields: 
 
2 2 2 2
exit tw exit tw
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V V V Vd d K2 g 2 g 2 g 2 g
           
 (E-1) 
 
                                                 
1 The relationship between water discharge and tailwater depth may be given by a water gauge data, or 
estimated based upon gradually-varied flow or uniform equilibrium flow calculations (Appendix D). 
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Fig. E-1 - Definition sketch of standard box culvert operation for less-than-design flow conditions 
in a mild slope flood plain 
 
where d is the water depth, V is the mean velocity, the subscript exit refers to the culvert barrel exit 
flow conditions, the subscript tw refers to the tailwater flow conditions, and the coefficient Kout is 
an outlet loss coefficient (2). Experimental observations indicated that 0.8 < Kout < 1.1 for a 
divergence angle from centreline greater than 20º (MONTES 1998) (Fig. E-2). It is commonly 
assumed Kout = 1 (HENDERSON 1966). Combining Equation (E-1) and the equation of 
conservation of mass, it yields the flow properties at the downstream end of the culvert barrel: i.e., 
the depth dexit and velocity Vexit. 
 
                                                 
2 For Kout = 1, Equation (E-1) yields the Borda-Carnot formula for a sudden expansion. 
E-3 
Divergence angle from centreline (deg.)
K o
ut
0 10 20 30 40 50 60 70 80 90 100
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
Physical data
Kout = 1
 
Fig. E-2 - Straight expansion loss coefficient in open channels as a function of the opening angle 
relative to the channel centreline 
 
Upstream of the barrel exit, the flow from the upstream flood plain into the inlet and culvert barrel 
may be considered gradually-varied. In the culvert barrel, the application of the differential form of 
the energy equation, i.e. the backwater equation, enables the prediction of the free-surface profile in 
the barrel (Appendix D). Its numerical integration predicts the entire free-surface profile in the 
barrel, in particular the water depth dentry at the entrance of the culvert barrel. 
At the entrance of the barrel in a multi-cell structure, the flow cross-section is partially obstructed 
by the dividing walls between adjacent cells and the total wall thickness must be taken into account 
into the final design (CHANSON 2004, p. 469). The flow at the barrel entrance may be analysed as 
a smooth and short transition using the Bernoulli principle: 
 
22 entryin
in o entry o
VVd z d z2 g 2 g       (E-2) 
where the subscript in refers to the downstream end of the inlet and the subscript entry corresponds 
to the culvert barrel entrance flow conditions. The combination of the Bernoulli equation (Eq. (E-
2)) and equation of conservation of mass gives the flow properties at the downstream end of the 
culvert inlet. 
Assuming an inlet with wingwalls (3), backwater calculations are performed from the downstream 
end of the inlet to the inlet lip. Note that the backwater calculations may be performed using the 
standard step method depth-calculated-from-distance. 
                                                 
3 A simple inlet geometry consists of 45° straight wingwalls. 
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Upstream of the inlet, the flow transition from the upstream flood plain to the start of the inlet may 
be analysed using the Bernoulli principle. While the cross-section may be assumed rectangular at 
the inlet lip (in first approximation), the upstream flood plain is a natural channel and its properties 
must be used to estimate the flow cross-section area. The results give the water depth and total head 
in the upstream flood plain at less-than-design flow. In turn, the corresponding afflux may be 
calculated. 
 
E.3 DISCUSSION 
The above method describes one-dimensional calculations of the entire culvert flow for less-than-
design conditions, assuming a mild slope, in absence of hydraulic jump in the outlet and 
immediately downstream of the outlet lip, and without obstacle (e.g. debris) in the culvert inlet, 
barrel and outlet. The less-than-design flow calculations are conducted assuming free-surface flow 
in the inlet, barrel, and outlet, the flow being assumed to remain subcritical in the barrel and that no 
hydraulic jump takes place in the outlet. 
The complete free-surface profile and total head line at the embankment centreline may show some 
sharp change in flow properties at the start of the inlet, the transition from inlet to barrel and at the 
outlet (Fig. E-3). These changes are linked to some rapid local flow transition, e.g. flow contraction, 
flow expansion. Figure E-3 presents a typical example of less-than-design flow calculations for a 
multicell box culvert. Note that the hydraulic engineering calculations are performed from 
downstream to upstream, since the flow is controlled from downstream: i.e., by the tailwater flow 
conditions. 
In the culvert barrel, the application of the differential form of the energy equation enables a 
prediction of the free-surface profile: 
 
2
mean
o f
Vd 2 g S Sx
        (E-3) 
where So is the bed slope (So = sin) and Sf is the friction slope defined as: 
 
2
mean
f
H
VfS D 2 g    (E-4) 
with f the Darcy-Weisbach friction factor, DH the hydraulic diameter: DH = 4A/Pw, A the flow 
cross-section area, Pw the wetted perimeter, Vmean the cross-sectional averaged velocity or bulk 
velocity, and g the gravity acceleration (HENDERSON 1966, MONTES 1998, CHANSON 2004). 
The barrel flow calculations are typically undertaken for smooth boundaries and friction factor 
calculations are discussed in Appendix D. In presence of rough barrel walls or culvert barrel baffles, 
the flow resistance estimates must be derived from detailed hydrodynamic calculations validated by 
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solid engineering data. 
For the culvert barrel flow calculations, great attention must be paid to the wetted perimeter 
estimates in a multi-cell structure. At the entrance of the barrel in a multi-cell structure, the flow 
cross-section is obstructed by the dividing walls and the transition between the end of inlet to the 
barrel entrance may be analysed using the Bernoulli principle. 
At the entrance of the inlet (i.e. inlet lip), the flow undergoes a contraction. The transition from the 
upstream flood plain to the start of the inlet may be analysed using the Bernoulli principle. 
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Fig. E-3 - Typical example of longitudinal profile of water depth, mean flow velocity and total head 
in a multicell box culvert operating at less-than-design flow with subcritical free-surface flow - Qdes 
= 4.8 m3/s, So = 0.0012, 7 cells, Barrel length: 14 m, Bcell = 1.00 m, Dcell = 0.500 m, Q = 1.3 m3/s, 
dtw = 0.21 m 
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APPENDIX F - PHYSICAL MODELLING OF FISH PASSAGE IN 
STANDARD BOX CULVERTS 
F.1 PRESENTATION 
Culverts are common hydraulic structures along rivers and streams, in rural and urban water 
systems. A culvert is a covered channel allowing the passage of flood waters beneath an 
embankment, for example a roadway. The designs are very diverse, using various shapes and 
construction materials determined by stream width, peak flows, stream gradient, road direction and 
minimum cost (HEE 1969, Australian Standard 2010) (Appendix B). The hydraulic modelling of 
culverts aims to find optimal solutions of full-scale culvert prototype structures (NOVAK and 
CABELKA 1984). Figure F-1 present three-dimensional scale models of box culverts and Figure F-
2 shows box culvert barrel models in which upstream fish passage was tested. For the modelling of 
upstream fish passage in culverts, major differences between up-scaled laboratory model 
predictions and prototype observations may result from a lack of standardised methodology 
(COTEL and WEBB 2015, KATOPODIS and GERVAIS 2016). Recent contributions hinted that "a 
proper study of turbulence effects on fish behaviour should involve, in addition to turbulence 
energetics, consideration of fish dimensions in relation to the spectrum of turbulence scales" 
(NIKORA et al. 2003. p. 1380), as well as "the scale of the turbulence with respect of the fish" 
(LACEY et al. 2012, p. 430). 
In this section, the modelling of upstream passage of fish in box culverts is reviewed, with a focus 
on the fish-turbulence interactions and the implications in terms of laboratory modelling and 
upstream fish passage, following WANG and CHANSON (2018a). Dimensional analysis provides a 
number of important dimensionless parameters relevant to all laboratory studies, and the results 
demonstrate practical limitations unless working at full-scale under controlled flow conditions. 
 
  
(A) 1:30 scale model of a large culvert structure beneath the Zurich main railway station in 
Switzerland in the VAW, ETZ-Zürich in 2013 - The modelling was undertaken to verify the 
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accuracy of prototype culvert discharge capacity 
 
  
(B) Single cell box culvert model at the University of Queensland (Australia) for Q/Qdes = 1.2 and 
different tailwater depth - From top, anti-clockwise: outlet operation for dtw/D = 0.62, outlet 
operation for dtw/D = 1.1, submerged inlet operation for dtw/D = 1.1 
Fig. F-1 - Physical modelling of standard box culvert structures 
 
F.2 PHYSICAL MODELLING, DIMENSIONAL CONSIDERATIONS AND SIMILITUDE 
In experimental fluid mechanics, a laboratory model is to provide reliable predictions of the fluid 
dynamics properties in the full-scale hydraulic structure (HENDERSON 1966, FOSS et al. 2007). 
The physical modelling must be based upon the fundamental concepts and principles of similitude, 
to ensure a sound extrapolation of the scaled model results. In the dimensional analysis of fluid 
mechanics, the relevant dimensional variables include the fluid properties, physical constants, 
boundary conditions, including channel geometry, and initial flow conditions (LIGGETT 1994). 
Considering a steady turbulent flow in a standard box culvert barrel operating as a free-surface 
flow, the dimensional analysis gives a series of relationships between the fluid dynamics 
characteristics at a location (x,y,z) and the upstream flow conditions, boundary conditions and fluid 
properties: 
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where d is the flow depth, V is the velocity, v' is a velocity fluctuation, p is the pressure, Lt and Tt 
are integral turbulent length and time scales, x, y and z are respectively the longitudinal, transverse 
and vertical coordinates, B is the internal barrel width, ks is the equivalent sand roughness height of 
the culvert barrel boundary,  is the angle between the culvert invert and horizontal, hb and Lb are 
respectively the height and longitudinal spacing of simplistic baffles, d1, V1 and v1' are respectively 
the inflow depth, velocity and velocity fluctuation, w and w are the water density and dynamic 
viscosity,  is the surface tension, g is the gravity acceleration. 
The -Buckingham theorem states that any dimensional equation with N variables with units 
encompassing mass, length and time may be rewritten into an equation with (N-3) dimensionless 
parameters (VASCHY 1892, BUCKINGHAM 1914, ROUSE 1938). It is also called Vaschy-
Buckingham theorem after the French engineer Aimé VASCHY (1857-1899) and American 
physicist Edgar BUCKINGHAM (1867-1940). In turn, Equation (F-1) may be expressed: 
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where dc is the critical flow depth: dc = (Q2/(g×B2))1/3, Vc is the critical flow velocity, Q is the water 
discharge and DH is the equivalent pipe diameter, or hydraulic diameter. In Equation (F-2), the 7th 
term in the right handside term is the inflow Froude number Fr1, while the 8th and 9th terms are the 
Reynolds number Re and Morton number Mo respectively. Note that the Morton number is 
introduced because it becomes a constant in most hydraulic model studies, when air and water are 
used in both laboratory experiments and prototype flows (KOBUS 1984, CHANSON 2009b). 
Traditionally hydraulic laboratory modelling is conducted using geometrically similar model 
(CHANSON 1999b,2004). Geometric similarity implies that the ratios of prototype characteristic 
lengths to model lengths are equal. If any form of similarity, i.e. geometric, kinematic or dynamic, 
is not satisfied, scale effects may take place, yielding substantial differences between the laboratory 
data extrapolation and the culvert prototype structure performances. In a physical model, true 
similarity can be achieved if and only if all dimensionless parameters or -terms have the same 
values in both laboratory and full-scale structure: 
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where the subscripts m and p refer to the laboratory model and full-scale conditions respectively. 
Open channel flows including culvert flows are traditionally investigated based upon a Froude 
similarity because gravity effects are important (HENDERSON 1966, NOVAK and CABELKA 
1984). When the same fluids, air and water, are used in laboratory and at full-scale, the Froude and 
Morton similarities are applied simultaneously. Then the Reynolds number may be grossly 
underestimated in small laboratory flumes (Fig. F-1B, F-2B & F-2C). 
A dimensional analysis must be similarly undertaken for the fish motion in a turbulent culvert barrel 
flow (ALEXANDER 1982, WANG and CHANSON 2018a). Considering the upstream passage of a 
fish in a prismatic box culvert barrel, with steady turbulent flow conditions, a dimensional analysis 
gives a series of relationships between the fish motion at a given location (x,y,z), fish properties 
including specie, the channel boundary conditions, turbulent flow properties, fluid properties and 
physical constants: 
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where U is the fish speed positive upstream, u' is a fish speed fluctuation, O2 is the oxygen 
consumption, f is the fish response time, Lf, lf and hf are respectively the fish length, thickness and 
height, f is the fish density. Herein Equation (F-4) ignores the effects of fish fatigue, heat transfer 
and metabolism. The application of the -Buckingham theorem shows that Equation (F-4) may be 
transformed into a dimensionless form: 
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 (F-5) 
The finding, basically Equation (F-5), demonstrates several key dimensionless variables most 
relevant to the upstream passage of fish in a turbulent culvert barrel flow. Such fundamental 
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parameters encompass the ratio u'/v' of fish speed fluctuations to fluid velocity fluctuations, ratio 
f/Tt of fish response time to turbulent time scales, ratios of fish dimension to turbulent length scale 
and the fish species (WANG and CHANSON 2018a). Considering the upstream fish passage in a 
turbulent culvert flow, the extrapolation of the laboratory model data to the full-scale culvert will be 
achievable only if all the relevant key dimensionless parameters shown in Equation (F-5) are the 
same in the laboratory and in the full scale culvert structure. 
A few studies recorded quantitative detailed characteristics of both fish motion and fluid flow 
(NIKORA et al. 2003, PLEW et al. 2007, WANG et al. 2016a). Fewer investigations reported fish 
speed fluctuations and fluid velocity fluctuations, and fish response time and integral time scales 
(WANG et al. 2016a, CABONCE et al. 2018). All the results showed that a number of key 
parameters, including the ratios u'/v', f/Tt and Lf/Lt,, are scale dependant when the same fish are 
used in laboratory and in the field, as shown by Equation (F-5). In other words, a complete 
similarity between laboratory data and full-scale observations may be un-achievable, and one must 
seek either an incomplete similitude, some approximate estimate, or an alternative approach. 
 
 
(A) 12 m long 0.5 m wide rectangular channel, with flow direction from background to foreground - 
Experimental low conditions:  = 0, Q = 0.0556 m3/s, d = 0.166 m, Re = 1.4×105, small triangular 
baffles on left bottom corner, looking upstream 
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(B) Recirculation water tunnel- Test section: B = 0.25 m, d = 0.26 m,  = 0, V ~ 0.05 m/s, counter 
clockwise flow recirculation 
 
(C) Small recirculation water tunnel- Test section: B = 0.10 m, d = 0.10 m,  = 0 
Fig. F-2 - Laboratory studies of upstream fish passage in box culvert barrel 
 
F.3 DISCUSSION 
Most open channel flow structures, including culverts, are scaled based upon Froude and Morton 
similarities, when the same fluids, air and water, are used in laboratory and prototype. That is, the 
Froude and Morton numbers are identical in the physical model and at full-scale. Then the Reynolds 
number Re may be grossly underestimated in small-size flumes: e.g., with Reynolds numbers of 
about 4.4×105, 5×103 and 2×103 in the laboratory models seen in Figures F-2A, F-2B and F-2C 
respectively, compared to a full-scale culvert barrel flow corresponding to Re  5×106 to 1×108 at 
design discharges. 
The inflow conditions must be similarly scaled between full-scale culverts and laboratory flumes. 
Figure F-3 presents velocity contours Vx/Umean based upon detailed velocity measurements in the 
experimental channels shown in Figures F-2A and F-2B. The flow conditions are summarised in the 
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figure caption and in Table F-1, where D is the internal height or flow depth, B is the internal width, 
DH is the equivalent pipe diameter, Re is the Reynolds number defined as Re = VmeanDH/, 
Vmean is the cross-sectional averaged velocity, also called bulk velocity, V75 and V25 are respectively 
the third and first quartiles of the cross-section velocity data set. For a Gaussian distribution of the 
data set about its mean, the difference between the third and first quartile would be equal to 1.3 
times the standard deviation (SPIEGEL 1972). The same contour colour scale was used for all plots. 
The results illustrate the non-uniformity of the inflow conditions in the small recirculation water 
tunnel, also discussed by KERN et al. (2018). Results obtained in such small water tunnels are 
unlikely to be applicable to full-size culvert structures. 
A related challenge is the physical modelling of upstream fish passage in culverts, and the 
associated limitations and significance of current fish swim tunnel tests (KATOPODIS and 
GERVAIS 2016). One may query the relevance of water tunnel testing, e.g. in facilities seen in 
Figures F-2B and F-2C, to upstream fish passage in culverts, when field observations reported fish 
seeking low velocity zones, associated with high turbulence intensity levels, to pass through 
hydraulic structures (BEHLKE et al. 1991, BLANK 2008, GOETTEL et al. 2015, CABONCE et al. 
2018,2019). Such hydrodynamic conditions differ substantially from water tunnel and tube testing 
conditions. 
 
 
(A) 12 m long 0.5 m wide smooth rectangular channel (see Figure F-2A) 
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(B) 0.25 m wide 0.26 m high smooth rectangular water tunnel (see Figure F-2B) - From left to right, 
top to bottom, settings = 6, 9, 12, 15, 18 and 21 
Fig. F-3 - Dimensionless contour plots Vx/Vmean as a function of y/B and z/D in smooth rectangular 
flumes - The same contour colour scale was used for all plots - Photographs of the laboratory 
flumes are shown in Figures F-2A and F-2B 
 
Table F-1 – Dimensional and dimensionless parameters for the 12 m long flume and recirculating 
water tunnel 
 
Flume Settings D B DH Re Vmean Vmax/Vmean (V75-V25) 
/Umean 
  (m) (m)   (m/s)   
12m long flume Q = 0.026 
m3/s 
0.154 0.5 0.375 1.3105 0.35 1.40 0.40 
Recirculating water tunnel 6 0.259 0.251 0.244 0.73105 0.30 1.50 0.30 
 9    0.92105 0.38 1.42 0.24 
 12    1.3105 0.53 1.47 0.34 
 15    1.5105 0.63 1.47 0.20 
 18    1.8105 0.73 1.39 0.15 
 21    2.1105 0.85 1.45 0.18 
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APPENDIX G - COMPUTATIONAL FLUID DYNAMICS (CFD) 
MODELLING OF FISH FRIENDLY STANDARD BOX CULVERT BARREL 
G.1 PRESENTATION 
To obtain a full picture of the detailed velocity field of the culvert flow through a barrel, hybrid 
modelling was conducted, consisting of physical experiments, 1-Dimensional (1D) theoretical 
calculation, and numerical Computational Fluid Dynamics (CFD) calculation. In practice, a culvert 
structure can range from 1 m to 30 m in length, with a single cell being typically 0.5 m to 3 m in 
width and height. As a result, modelling large culvert cells using physical experiments in laboratory 
is a challenge. Numerical CFD modelling was used as part of the current guideline development, 
coupled with 1D theoretical calculation (backwater calculations) to pre-determine the free-surface 
level at the numerical inlet and outlet. 
Computational fluid dynamics modelling solves the Navier-Stokes equations of fluid motion using 
numerical method. The Navier-Stokes equations, named after Claude-Louis NAVIER and George 
Gabriel STOKES, describe the motion of viscous fluid, coupled with the equations of conservation 
of mass. In its incompressible two-phase flow form, the equations can be written as: 
 u 0   (G-1) 
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where u  is the velocity vector, p is the pressure, t is time, g  is the gravity vector, ρ is the fluid 
density and μ is the fluid viscosity. 
Flow through a single box culvert barrel was simulated numerically over a wide range of flow rates, 
culvert sizes, aspect ratios and tailwater levels. Table G-1 summarises the flow conditions simulated 
numerically. Results of velocity field were analysed, focusing particularly on local velocity and 
zones of low velocity. A relationship between the longitudinal velocity and the associated flow area 
was derived in dimensionless form. A number of numerical models were validated in details, based 
upon physical measurements. 
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Table G-1 – Numerical CFD modelling of culvert barrel flows: detailed flow conditions  
 
Design flow conditions 10% design flow conditions Case 
Qdes 
(m3/s) 
L 
(m) 
So dtw 
(m) 
afflux 
(m) 
Ncell Bcell 
(m) 
Dcell 
(m) 
Qcell 
(m3/s) 
Q 
(m3/s) 
Qcell 
(m3/s) 
dtw 
(m) 
q 
(m2/s) 
(B/d )cell Vmean 
(m/s)  
Mesh grid number 
(longitudinal × vertical × 
transverse) 
Gara River case 20 8 0 0.976 0.55 7 1.3 1 2.86 2 0.29 0.51 0.22 2.60 0.44 160×30×25 
Exam paper case 4.8 14 0.0012 0.457 0.2 7 1 0.5 0.69 0.48 0.07 0.12 0.07 8.33 0.57 140×30×20 
Laura River case 95 8 0.0015 2.195 0.45 10 2.4 2.4 9.50 9.5 0.95 0.51 0.40 4.71 0.80 160×48×48 
Experiment 1  8 0    0.5 0.5   0.06 0.16 0.11 3.13 0.70 80×30×20 
Experiment 2  12 0    0.5 0.5   0.03 0.10 0.05 5.00 0.52 240×30×25 
Experiment 3  8 0.05    0.5 0.5   0.06 0.04 0.112 12.5 2.8 80×30×20 
Experiment 4  8 0    0.5 0.5   0.11 0.30 0.22 1.67 0.75 80×30×20 
Experiment 5  8 0    1 1   0.11 0.20 0.11 5.05 0.57 80×30×20 
Experiment 6  19 0    0.7 0.5   0.10 0.10 0.14 4.24 0.87 380×30×20 
Other 1 10 8 0.005 1 0.5 5 1 0.75 2.00 1 0.20 0.20 0.20 6.06 1.21 80×30×30 
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G.2 METHODOLOGY 
CFD modelling of open channel flow through a culvert barrel was conducted with ANSYSTM 
Fluent version 18.0. A standard k-ɛ model was used to solve the flow turbulence (RODI 1995). For 
smooth turbulent flow through simplistic geometries, the flow physics is mostly dominated by 
boundary shear on the bottom boundary. A simplistic turbulence model such as a k-ɛ model is 
sufficient to resolve the velocity field, with a relatively low computational cost. The simplified 
Reynolds Averaged Navier-Stokes equations are solved as: 
  j
j
u 0t x
      (G-3) 
   ' j ji i j eff M
j i j j i
u uu pu u St x x x x x
                        
 (G-4) 
where SM is the sum of body forces, μeff is the effective viscosity representing flow turbulence, and 
p' is the modified pressure, the subscriptions i and j represent properties in the i and j directions. 
Based on the "eddy viscosity" concept proposed by BOUSSINESQ (1897), the effective viscosity 
may be calculated as: 
 eff t    (G-5) 
where μ and μt are respectively the fluid viscosity and eddy (turbulent) viscosity. 
The standard k-ɛ model used two transport equations to describe the turbulent viscosity. The two 
equations are for the turbulent kinetic energy k and dissipation ɛ respectively (LAUNDER and 
SPALDING 1974): 
     ti k b M K
i j k j
kk ku G G Y St x x x
                      
 (G-6) 
       2ti 1 k 3 b 2
i j j
u C G C G C St x x x k k   
                         
 (G-7) 
where Gk represents the generation of turbulent kinetic energy due to the mean velocity gradient, Gb 
is the generation of turbulent kinetic energy due to buoyancy, YM represents the contribution of the 
fluctuating dilatation in compressible turbulence to the overall dissipation rate. C1ɛ, C2ɛ and C3ɛ are 
constants, σk and σɛ are the turbulent Prandtl numbers for k and ɛ respectively, Sk and Sɛ are user-
defined source terms. The turbulent viscosity μt is computed by combining k and ɛ as: 
 
2
t
kC     (G-8) 
By default, ANSYS Fluent used the following values for constants: C1ɛ, = 1.44, C2ɛ = 1.92, Cμ = 
0.09, σk =1.0, σɛ = 1.3. 
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The two-phase flow interface in the culvert barrel was tracked by a Volume of Fluid (VOF) method 
(HIRT and NICHOLS 1981). In VOF, a colour function C was introduced, defined as 0 in one 
phase and 1 in the other. Herein, the primary phase was selected to be air (the lighter medium) and 
secondary phase water. The function C is characterised by an advection equation:  
 C u C 0t
   
  (G-9) 
Fluid properties such as density and viscosity are then calculated based on respective fractions of 
local colour function. 
The near-wall areas of the flow were treated by a built-in standard wall function in ANSYS Fluent 
The wall function was based on the work of LAUNDER and SPALDING (1974), and is used 
widely in industrial flows. The log-law was applied for near-wall regions to calculate the 
dimensionless velocity u* by: 
  * *1u ln Ey   (G-10) 
where:  
 
1/4 1/2
p p*
w
u C ku /
    (G-11) 
and: 
 
1/4 1/2
p P* C k yy    (G-12) 
and κ is the von Karman constant (κ = 0.4187), E is the empirical constant (E = 9.793), Up is the 
mean velocity of the fluid at the wall-adjacent cell centroid P, kp is the turbulence kinetic energy at 
the wall-adjacent cell centroid P, yp is the distance from the centroid of the wall-adjacent cell to the 
wall P, and μ is the dynamic viscosity of the fluid. The law of the wall, i.e. log law, for mean 
velocity is only valid for 30 < y* < 300 (SCHLICHTING 1979, CHANSON 2014). Herein, ANSYS 
Fluent employs the log law when y* > 11.225. When the mesh yields y* < 11.225 at the wall-
adjacent cells, ANSYS Fluent applies the laminar stress-strain relationship: 
 * *u y  (G-13) 
When dealing with rough pipes and channels, the law-of-wall is modified to include a roughness 
effect as: 
  * *1u ln E y B   (G-14) 
ΔB is well-correlated with the non-dimensional roughness height Ks+ calculated as: 
 
1/4 1/2
s p
s
k C kK     (G-15) 
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where ks is the equivalent roughness height. In ANSYS Fluent, three distinct roughness regimes are 
employed. For hydro-dynamically smooth regime (Ks+ ≤ 2.25), ΔB = 0. For a transitional regime 
(2.25 ≤ Ks+ ≤ 90): 
   s s s sK 2.251B ln C K sin 0.4258 ln K 0.81187.75            (G-16) 
where Cs is a roughness constant (in this case Cs = 0.5 representing uniform roughness). In the fully 
rough regime (Ks+ ≥ 90): 
 s s1B ln 1 C K       (G-17) 
Present study only focuses smooth transitional turbulent flow, due to the scope of the study being 
box culvert with smooth concrete walls. 
 
G.3 NUMERICAL MODEL CONFIGURATION 
The numerical domain representing a single box culvert barrel is illustrated in Figure G-1. Two 
barrel lengths were modelled, i.e. Lbarrel = 8 and 12 m. The width and height of the numerical 
domain were prescribed according to the internal width and height of the modelled culvert cells, 
Bcell and Dcell respectively. The dimensions of culvert cells are shown in Table G-1. The inlet plane, 
marked in yellow and blue in Figure G-1, was split into two velocity inlets, one for water (coded 
yellow) and one for air (coded blue). The outlet plane, coded green in Figure G-1, was a single 
outlet for both phases, and set to be a pressure outlet. A free-surface level was required to set up the 
outlet for open channel flow, and this outlet depth dout was prescribed according to the tailwater 
level for the modelled case. In general, dout ≈ dtw, where dtw was the tailwater depth in the floodplain 
downstream of the culvert barrel. 
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Fig. G-1 - Three-dimensional (3D) sketch of numerical domain with colour-coded boundaries; 
detailed boundary conditions listed in Table G-2 
 
Table G-2 - Colour-coding of boundaries as shown in Figure G-1 and the boundary conditions 
 
Colour Boundary name Boundary condition Remarks 
Blue Air inlet Velocity inlet Inlet velocity Vin = 0 m/s 
Yellow Water inlet Velocity inlet Inlet velocity Vin calculated from inlet discharge  
Red Walls Wall Roughness ks = 0-0.001 m (i.e. smooth 
concrete). Uniform roughness 
Green Outlet (air and 
water) 
Pressure outlet Free-surface level at outlet dout set from 
tailwater level dtw (dout = dtw in general) 
 
The numerical CFD modelling consisted of two stages: (1) transient flow simulation in a 3D culvert 
channel with coarse mesh; the coarse mesh consisted of uniform squares with 0.05-0.1 m grid size 
throughout the numerical domain; and (2) transient flow simulation in a 3D culvert channel with 
refined mesh; the mesh was refined into non-uniform gradually varied squares using a bias function: 
 
i
i
1
0
r     (G-18) 
where Δ is the size of the meshed edge, Δ1 is the size of the first element calculated using a bias 
factor bf, r is the growth rate, i = 1, 2, 3, …, n-1 with n being the number of division in grid on the 
meshed edge. The relationship between growth factor r, bias factor bf and number of division n is: 
 n 1bf r   (G-19) 
Biased mesh with refinement near the walls and sidewalls were essential to simulate realistic flow 
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patterns near the boundaries. A bias factor of 20-30 was used typically for all cases, resulting in a 
growth factor r = 1.1-1.2. After refinement, the smallest grid size in the transverse y and vertical z 
directions was between 0.001 m to 0.005 m depending on the size of the culvert barrel. Due to the 
computational cost and limit in time, large culvert structures were meshed slightly coarser, 
compared to small culvert structures. The mesh in the stream-wise x direction was uniformly 
partitioned with a grid size of 0.05 m to 0.1 m for all cases. 
All models were solved using a k-ɛ method for turbulence. The transient formulation was solved 
implicitly with a second order upwind scheme for momentum, first order upwind scheme for 
turbulent kinetic energy and turbulent dissipation rate. The convergence was ensured by reducing 
residuals of all parameters to 10-4 or less. All simulations were run until the monitored free-surface 
level at a location stopped varying or only showed very small fluctuations, and the conservation of 
mass was achieved between inlet and outlet at the end of the transient simulation. Typically, the 
physical time it took to reach this stage was 60-90 s. The computation time for a complete run was 
approximately 12-24 hours on a HPC workstation (8 processors). 
 
G.4 NUMERICAL RESULTS AND VALIDATION 
A series of laboratory experiments were conducted by CABONCE et al. (2017,2019) and WANG et 
al. (2016b,2018) to model open channel flows through a box culvert barrel. Experiments were 
performed on smooth bed (roughness height ks ≈ 10-4 m), rough beds (roughness height ks ≈ 0.02-
0.03 m) and triangular barrels installed on the bottom corner. Experimental measurements 
conducted on a smooth bed were used as a validation dataset for the current numerical CFD models. 
Table G-3 presents the experimental flow conditions investigated by CABONCE et al. (2017,2019), 
and the numerical model information corresponding to these flow cases. Herein, the inflow 
discharge Q is the flow through the experimental channel, i.e. a single culvert barrel, L is the length 
of the experimental channel/numerical domain, B is the internal width of the experimental channel; 
Bcell and Dcell are the internal width and height of the numerical domain respectively, So is the 
channel/barrel slope for both experimental and numerical studies, d1 and V1 are respectively the 
depth and velocity measured at 8 m downstream of the experimental channel inlet, Vin is the inlet 
velocity prescribed at the velocity inlet of the numerical model for water phase, dout is the free-
surface level prescribed at the pressure outlet of the numerical model, Δxmin, Δymin and Δzmin are 
respectively the minimum mesh grid size in the longitudinal x, transverse y and vertical z 
directions. 
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Table G-3 - Comparison between experimental flow conditions (CABONCE 2017,2019) and 
numerical CFD models 
 
Q (m3/s) L (m) B (m) So d1 (m) V1 (m/s) Bed configuration 
0.0556 12 0.5 0 0.162 0.69 Smooth bed 
CABONCE (2017,2019) 
0.0261 12 0.5 0 0.096 0.54 Smooth bed 
 
Q (m3/s) L 
(m) 
Bcell 
(m) 
Dcell 
(m) 
So Vin 
(m) 
dout 
(m) 
Mesh grid density Δxmin 
(m) 
Δymin 
(m) 
Δzmin 
(m) 
0.0556 8 0.5 0.5 0 0.56 0.160 55,398 nodes 
50,480 elements 
0.100 0.001 0.002 
Present 
CFD 
study 
0.0261 12 0.5 0.5 0 0.50 0.096 212,992 nodes 
197,625 elements 
0.002 0.002 0.003 
 
Figure G-2 shows the comparison between the numerically simulated free-surface elevation and the 
experimental measurements. The results demonstrated a good agreement between the 1D numerical, 
CFD and experimental data in terms of free-surface elevation throughout the culvert channel. A key 
issue was to use a realistic tailwater depth dout. The CFD model used a pressure outlet, which was 
very sensitive to the prescribed downstream free-surface level at the outlet. Herein, experimentally 
measured values were used at the outlet boundary to prescribe the tailwater depth, which was 
considered very important in reproducing the correct free-surface profile. 
 
 
(A) Q = 0.056 m3/s 
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(B) Q = 0.026 m3/s 
Fig. G-2 – Free-surface comparison between 1D numerical, CFD and experimental results; 
experimental data from CABONCE et al. (2017); flow condition: (A) Q = 0.056 m3/s, (B) Q = 
0.026 m3/s 
 
The vertical profiles of the longitudinal velocity component at different transverse locations were 
compared to experimental results for validation purpose. Typical outcomes are presented in Figures 
G-3 and G-4. Overall, the CFD data compared favourably to physical results for all transverse 
locations, with the locations next to the sidewalls (0.08 m to wall) being better modelled than the 
centre of the channel. The results showed an overall tendency of over-estimating longitudinal 
velocity magnitudes by the CFD numerical model, especially towards the centreline of the channel. 
The maximum longitudinal velocity was over-estimated by 10% using the CFD numerical model, 
compared to the experimental data for the flow Q = 0.056 m3/s (Fig. G-4A). 
Overall, the results showed the capacity of a CFD model to predict the three-dimensional flow field 
in a smooth culvert barrel, which could be used to design a fish-friendly culvert. The systematic 
validation against physical data is uppermost critical to ascertain the performances of a numerical 
model, and can be sensitive to a range of inflow conditions, boundary parameters, and the grid mesh 
quality and size (LENG and CHANSON 2018, ZHANG and CHANSON 2018). 
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(A) Q = 0.056 m3/s 
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(B) Q = 0.026 m3/s 
Fig. G-3 - Longitudinal velocity distribution in a box culvert barrel: comparison between 1D 
numerical, CFD numerical and physical data; experiments by CABONCE et al. (2017); all 
measurements near the side wall (0.08 m from wall); flow conditions: (A) Q = 0.056 m3/s, (B) Q = 
0.026 m3/s 
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(A) Q = 0.056 m3/s 
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(B) Q = 0.026 m3/s 
Fig. G-4 - Longitudinal velocity distribution in a box culvert barrel: comparison between 1D 
numerical, CFD numerical and physical data; experiments by CABONCE et al. (2017); all 
measurements on the channel centreline (y = 0.25 m); flow conditions: (A) Q = 0.056 m3/s, (B) Q = 
0.026 m3/s 
 
G.5 AREA FRACTION OF LOW VELOCITY ZONE: A NUMERICAL APPROACH 
Due to the large number of relevant design parameters (design discharge Qdes, tailwater level dtw, 
maximum afflux, box cell configuration etc.) and the case specific nature of the culvert design 
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(different targeted flood events for different regional councils), it is unrealistic to conduct CFD 
modelling for all possible design scenarios. Further, not all local governments and engineering 
companies have the capacity to conduct numerical CFD modelling. Hence, the calculation for 
percentage of flow area of low velocity zones must be generalised, with self-defined criteria for low 
velocity, independently of the hydrology requirement. That is, whether a targeted storm event is 
about 1:5 ARI or 1:1 ARI. To achieve this, the present study examined the relationship between 
local velocity Vx and the associated flow area where the local velocity is less than that velocity. All 
data are compiled in a dimensionless form in Figure G-5. Details of flow conditions for data in 
Figure G-5 are presented in Table G-1. 
Overall, all cases showed a similar trend, with quantitatively close results, albeit some scatter (Fig. 
G-5). The solid black curve represents the best-fit correlation of all datasets, whereas the two 
dashed lines illustrate the upper and lower bounds of the scatter. At an area fraction of 15%, the 
maximum difference between the two bounds of the data scatter was approximately 10%. The 
quantitative differences between data sets seemed to show little relation to the aspect ratio B/d.  
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Fig. G-5 – Dimensionless area fraction of flow less than a relative longitudinal velocity V/Vmean, 
where Vmean is the bulk velocity i,e. cross-sectional mean velocity in the barrel; all cases compiled 
 
Figure G-6 compares present and past CFD and experimental works. The data are compared to an 
analytical solution for a two dimensional turbulent flow, assuming a 1/N-th velocity distribution 
power law: 
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NN
1 N x
mean
VNA 100 N 1 V
          
 (G-20) 
with A the percentage of flow area, Vmean the bulk velocity, (Vx/Vmean) in percentage. Equation G-
20 is plotted for N = 4.5 in Figure G-6. The present CFD results showed a close agreement with 
past CFD data, albeit limited to only a few points. The experimental data showed overall a larger 
area fractions for the same relative velocity compared to CFD data. The lower bound of 
experimental data scatter agreed closely with the upper bound of CFD data scatter. 
It is worth to note a few advantages of using such a dimensionless plot (Fig. G-6). First the plot is 
independent of hydrological implication, which could vary upon requirement of different councils 
and sites. Second the results are independent of the barrel culvert cell size and downstream tailwater 
conditions. 
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Fig. G-6 – Dimensionless area fraction of flow less than a relative longitudinal velocity V/Vmean, 
where Vmean is the bulk velocity i.e. cross-sectional mean velocity in the barrel; all cases compared 
to past CFD (NAOT and RODI 1982), experimental studies (CABONCE et al. 2017, XIE 1998, 
MACINTOSH 1990, NEZU and RODI 1985, NIKURADSE 1926), and Equation (G-20) assuming 
N = 4.5 
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APPENDIX H - ON LABORATORY STUDIES OF FISH SWIMMING IN 
FULL-SCALE BOX CULVERT BARREL 
H.1 PRESENTATION 
Any physical study of fish passage in culverts must be designed to provide reliable predictions of 
the flow properties of the corresponding prototype structure and of the fish-fluid interactions 
(GUINY et al. 2005, KATOPODIS and GERVAIS 2016) (Appendix F). The design approach must 
be based upon the fundamental concept and principles of similitude. Considering the upstream 
passage of small-body-mass fish in a box culvert operating under steady flow conditions, the 
relevant dimensional parameters include the fluid properties, physical constants, channel geometry, 
initial flow conditions, fish characteristics, turbulent flow properties and fish motion characteristics. 
The result is a very complex equation, linking the flow Froude number, Reynolds number and 
Morton number, the channel dimensions, the ratios of fish speed to fluid velocity, fish acceleration 
to fluid acceleration and fish response time to turbulent time scales, the ratios of fish dimension to 
turbulent length scale, and the fish species (WANG and CHANSON 2018a). 
Open channels and culvert barrel flows are modelled based upon a Froude similarity because 
gravity effects are important in terms of the hydrodynamics (HENDERSON 1966). Viscous-scale 
effects are likely to be experienced in very small-size models, water tunnels and water tubes, and 
the results cannot be extrapolated to a full-scale culverts without major bias (i.e. scale effects) 
(Appendix F). When the hydrodynamics and fish kinematics are considered altogether, the 
similitude requirements become impossible to fulfil unless full-scale studies are undertaken. Only 
measurements in a real culvert, and full-scale laboratory experiments, are appropriate. While the 
usage of large channels to test fish swimming performance is not new (COLAVECCHIA et al. 
1998, HARO et al. 2004, RICHMOND et al. 2007, KHODIER and TULLIS 2014), the latter 
approach was recently undertaken under controlled flow condition in a full-scale 12 m long 0.5 m 
wide rectangular culvert barrel flume (WANG et al. 2016a,2016b, CABONCE et al. 
2017,2018,2019) (Fig. H-1). Basic experiments with small-body-mass fish were conducted with a 
range of boundary configurations (Table H-1). Namely a smooth rectangular channel, a channel 
with rough bed, a channel with rough bed and rough left sidewall (1), a smooth flume with small 
triangular corner baffles (Fig. H-1C & D). The small baffles were designed to be with dimensions 
comparable to the fish dimensions, because fish benefit from large-scale turbulence when the eddy 
                                                 
1 The very-rough wall and invert treatment was installed along the whole flume length (Fig. H-1B). For the 
experiments with rough sidewall and invert, the equivalent sand roughness height of the whole flume was ks 
 20 to 30 mm. 
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size is comparable to the fish size, and the baffle spacing was selected to create wake-interference 
turbulent flow regime, most beneficial to upstream fish passage. The experimental flow conditions 
are summarised in Table H-1, including the boundary conditions, water discharge, bulk velocity, 
fish sample size, fish data and water temperature. During each series of tests, the flow rate was 
maintained constant, irrespective of the boundary treatment and appurtenance. The methodology 
enabled a direct comparison of fish swimming performances and behaviour in culvert barrel 
between different types of boundary treatment, and delivered biological data compatible to 
engineering design procedures and applicable by professional engineers. 
A review of the fish behaviour and detailed hydrodynamic results follows. 
 
 
(A) Adult Duboulay's rainbowfish (Melanotaenia duboulayi) in a smooth channel, Q = 0.0261 m3/s, 
d = 0.123 m, Re = 2.1×105 
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(B) Juvenile silver perch (Bidyanus bidyanus) in channel with rough bed and left sidewall, Q = 
0.0261 m3/s, d = 0.129 m, Re = 2.2×105 
  
(C, Left) Juvenile silver perch (Bidyanus bidyanus) with a flume with smooth boundaries and small 
triangular corner baffles: hb = 0.067 m, Lb = 0.67 m, Q = 0.0556 m3/s, d = 0.162 m, Re = 4.4×105 - 
The fish was swimming upstream of a baffle, using the local stagnation region to minimise its 
energy expenditure 
(D, Right) Juvenile silver perch (Bidyanus bidyanus) with a flume with smooth boundaries and 
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small triangular corner baffles: hb = 0.067 m, Lb = 0.67 m, Q = 0.0556 m3/s, d = 0.162 m, Re = 
4.4×105 - The fish was swimming along the left sidewall immediately downstream of a baffle and 
the fish faced downstream 
Fig. H-1 - Laboratory study of culvert fish passage in 12 m long 0.5 m wide culvert barrel flume for 
less-then-design discharges (Table H-1), with flow direction from left to right 
 
H.2 BASIC RESULTS 
Fish endurance tests were conducted with two discharges for up to 20 minutes with five boundary 
conditions (Table H-1). For each series, the water discharge was kept identical, and the impact of 
boundary treatments on fish passage was tested while the flow rate remained constant, for the 
results to be compatible to engineering design procedures and useable by professional engineers. 
Figure H-2 regroups the cumulative percentages of fish swimming, after test durations ranging from 
1 to up to 20 minutes, for two different series of tests with different discharges, boundary conditions 
and fish species (Table H-1). For the larger discharge, a sizeable number of fish fatigued before the 
end of testing, 12 out of 20, in the smooth boundary flume (Fig. H-2B). The observations showed 
overall that the presence of small triangular corner baffles allowed fish to rest and facilitated 
substantially their upstream passage, including in terms of quantitative endurance swim results, for 
these flow conditions and fish species. 
The fish position observations indicated that the small-body-mass fish swam against the current, 
mostly next to the bottom corners and along the sidewall of the channel (Fig. H-3 & H-4). Visual 
recordings are reported in Figures H-3 and H-4 for two species and five boundary treatments. All 
the results indicated that the small fish swim in the bottom corners and along the sidewalls for more 
than 90% of the time. The findings were consistent with earlier studies with small-bodied fish 
(GARDNER 2006, JENSEN 2014), and confirmed by more recent work (DUGUAY et al. 2018). 
Visual observations, fish trajectory data and speed time series indicated that, for both fish species, 
the time-series could be sub-divided into (a) quasi-stationary motion where fish speed fluctuations 
were small, (b) short upstream motion facilitated by a few strong tail-beats, and (c) burst swimming 
when the fish would cross rapidly the observation window. The most common observation of fish 
swimming was the first one: i.e., quasi-stationary motion with small fish speed fluctuations. 
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(A) Duboulay's rainbowfish (Melanotaenia duboulayi) in smooth and rough channel for a relatively 
small flow: Q = 0.0261 m3/s, So = 0 
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(B) Juvenile silver perch (Bidyanus bidyanus) in smooth flume with small triangular corner baffles 
along left bottom corner for a relatively large discharge: Q = 0.0556 m3/s, So = 0 
Fig. H-2 -Cumulative endurance test duration data for small-body-mass fish negotiating upstream 
passage in a 12 m long 0.5 m wide culvert barrel flume for less-than-design discharges (Table H-1) 
- Comparison between different boundary treatments 
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Fig. H-3 - Percentage of time spent by small-body-mass fish within the channel cross-section, 
weighted with respect to time in a channel with rough bed and rough left sidewall for a relatively 
small flow: Q = 0.0261 m3/s, x = 4-6.5 m, y = 0 at right smooth sidewall (on left of graph) 
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Fig. H-4 - Percentage of time spent by small-body-mass fish (juvenile silver perch Bidyanus 
bidyanus) within the channel cross-section, weighted with respect to time in a smooth channel 
(Top) and channels with small triangular baffles in the bottom left corner (Lower three sketches) for 
a moderate discharge: Q = 0.0556 m3/s, x = 4-6.5 m, y = 0 at right smooth sidewall (on left of 
graph) 
 
Fish trajectories, time-series of fish trajectory, fish speed and acceleration data were recorded for all 
boundary conditions. Typical data for a small fish individual are presented in Figure H-5, where x is 
positive downstream, z is positive upwards with z = 0 at the bed, and the Eulerian fish speed Ux and 
acceleration ax are positive downstream. Figure H-5A shows the fish trajectory in the (x, z) plane 
close to the rough sidewall (Right corner in Fig. H-2). Figures H-2B and H-2C present the 
probability density functions (PDFs) of fish speed and acceleration, and Figure H-2D shows the 
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results of a spectral analysis of the fish speed time series. 
Overall the observations indicated that the fish speed was within ± 0.2 m/s, and the longitudinal fish 
acceleration was within ± 2 m/s2: i.e., ± 0.2×g with g the gravity acceleration. A typical example of 
longitudinal fish speed and acceleration data set is shown in Figure H-5, for an individual 
swimming in the bottom left corner. The swimming speed variability may be compared to the 
distribution of longitudinal fluid velocity component, at the location where the fish was tracked. In 
Figure H-2B, the probability density function of fish speed (red bars) is plotted together the 
probability density function of the fluid velocity (black bars). For the small fish specie, the ratio of 
fish speed to fluid velocity standard deviations was typically within 0.1 < ux'/vx' < 1 with a median 
value about 0.25, independently of the fish species, total length and mass, and vx' being the velocity 
fluctuations at the observed fish location. The results are reported in Figure H-6A, presenting the 
ratio of fish speed to fluid velocity standard deviations as a function of the dimensionless fish length 
Lf/ks with ks the equivalent sand roughness height of the channel. Physically, the equivalent sand 
roughness height ks characterises the rugosity of the wall and is related to the size of vortical 
structures in the vicinity of the wall (HONG et al. 2011). Thus the ratio Lf/ks provides some 
indication of the ratio of fish length to turbulence scale. Herein the fish speed fluctuations were 
mostly smaller than the fluid velocity fluctuations, with a median value ux'/vx' ~ 0.3 for juvenile 
silver perch and ux'/vx' ~ 0.1 for adult Duboulay's rainbowfish. It is though that swimming in the 
channel corner may allow fish to minimise the energetic costs associated with changes in 
acceleration (NIKORA et al. 2003, WANG and CHANSON 2018a,b). 
The ratio of fish speed to fluid velocity auto-correlation time scales was typically within 0.03 < 
txx/Txx < 5 with a median value about 1.5 (Fig. H-6B). The fish speed auto-correlation time scale 
gives some information in the reaction time of the fish, while the fluid velocity auto-correlation 
time scale, also called Eulerian integral turbulent time scale, is a rough measure of the longest 
connection in the turbulent behaviour (O'NEILL et al. 2004, CHANSON 2009b). The ratio txx/Txx 
basically provides some information on the fish response time relative to the characteristic time 
scale of large turbulent structures. The overall finding might suggest that the fish tended to react 
predominantly to the larger vortical structures, and did not modulate their speed in response to small 
and short-lived turbulent structures. However the distribution of txx/Txx data might suggest a bi-
modal distribution, with two dominant modes: txx/Txx ~ 0.12 and txx/Txx ~ 2.8, highlighted in Figure 
H-6B (horizontal dashed lines). The result could hint for two preferential responses of fish to 
turbulence and turbulent structures. In one mode (txx/Txx < 1), the fish would react passively to 
vortical structures, their slow response possibly enabling them to be advected by the flow 
turbulence: e.g., in recirculation zones and secondary currents. In the second mode (txx/Txx > 1), the 
fish would be pro-active and respond very rapidly to a change in turbulent flow conditions. They 
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would benefit from changes in instantaneous flow conditions to migrate upstream. 
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(B, Left) Probability density function (PDF) of longitudinal fish speed - Comparison with fluid 
velocity PDF at fish tracking location 
(C, Right) Probability density function (PDF) of longitudinal fish acceleration 
Fig. H-5 - Fish kinematics of an individual Duboulay's rainbowfish (Melanotaenia duboulayi) 
swimming along the rough sidewall in a channel with rough bed and rough left sidewall for a 
relatively small flow: Q = 0.0261 m3/s 
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(D) Power spectrum density of longitudinal fish speed 
Fig. H-5 - Fish kinematics of an individual Duboulay's rainbowfish (Melanotaenia duboulayi) 
swimming along the rough sidewall in a channel with rough bed and rough left sidewall for a 
relatively small flow: Q = 0.0261 m3/s 
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(A, Left) Ratio of fish speed to fluid velocity standard deviation ux'/vx' as a function of the 
dimensionless fish length L/ks 
(B, Right) Ratio of ratio of fish speed to fluid velocity auto-correlation time scales as a function of 
the dimensionless fish length L/ks - Dashed lines indicates the two dominant modes 
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(C) Dimensionless frequencies of fish tail-beat and characteristic fish speed fluctuations F×ks/Vx as 
functions of the dimensionless fish length L/ks 
Fig. H-6 - Dimensionless properties of swimming characteristics of juvenile silver perch (Bidyanus 
bidyanus) [SP] and adult Duboulay's rainbowfish (Melanotaenia duboulayi) [DRF], swimming 
along the rough sidewall in a channel with rough bed and rough left sidewall for a relatively small 
flow: Q = 0.0261 m3/s - Comparison with fluid velocity properties at the observation location 
 
The fish tail-beat frequency data are reported in Figure H-6C in a dimensionless form F×ks/Vx as a 
function of the dimensionless fish length Lf/ks where Lf is the total fish length and Vx is the time-
averaged longitudinal velocity at the fish location. The data showed that the fish swimming tail-beat 
frequency spanned over a relatively narrow interval under the tested conditions (ELOY 2012). 
Herein, the experimental data gave: F×ks/Vx ~ 0.01 on average for both species. The present results 
showed some correlation in terms of the dimensionless fish length: 
 s f
x s
F k L0.0115V k
    (H-1) 
Equation (H-1) is compared to experimental data in Figure H-6C. The tail-beat frequency data were 
further compared to the characteristic frequency of the longitudinal fish speed. An example of the 
latter is illustrated in Figure H-5D. Figure H-5D shows a typical power spectrum density function 
of the longitudinal fish speed. All the frequency analyses presented a dominant characteristic 
frequency, as in Figure H-5D. The characteristic frequencies of the longitudinal fish speed are 
reported in Figure H-6C: the results showed that the characteristic fish speed frequency may be 
used as a proxy of the tail-beat frequency. 
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H.3 DISCUSSION 
Detailed full-scale laboratory data (WANG et al. 2016a,b, CABONCE et al. 2017,2018,2019) 
highlighted a number of issues that deserve some discussion. The fish speed fluctuations were 
systematically smaller than the turbulent velocity fluctuations at the fish location: i.e., ux' < vx'. In 
turn the fish accelerations were small and the corresponding inertial force was minimal. The fish 
swimming accelerations have some important implication in terms of energy expenditure required 
to swim against the current over a period of time (PLEW et al. 2007). Power is required to 
overcome friction and form drag (VIDELER 1993), while additional energy is spent during 
acceleration phases. The combined power to overcome skin friction and form drag is proportional to 
the cube of fish speed relative to the mean fluid motion: i.e., power  (Ux+Vx)3, while the power 
required during acceleration periods is basically the fish mass time acceleration time relative fish 
speed: i.e., power  mf×ax×(Ux+Vx) (WANG and CHANSON 2018a). A minimisation of the fish 
accelerations would yield to smaller inertial forces and lesser energy consumption. 
Further a number of fish speed records suggested a secondary characteristic frequency, for example 
about 16 Hz in Figure H-5D. While the primary frequency is likely to correspond to prolonged 
aerobic swimming, the secondary frequency might indicate some burst swimming or some short 
upstream motion generated by a few strong tail-beats. Visual observations showed a faster tail-beat 
frequency during sprint swimming. Further investigations could consider the characteristic fish 
acceleration frequencies as well as the auto-correlation time scales of the fish acceleration, and a 
quantitative description of the fish energy consumption during its upstream migration. In the view 
of ecologically-friendly engineering design, which has initially motivated many studies, a 
comprehensive fish behaviour study would be beneficial, including how fish sense fluid flow 
turbulence to select optimum upstream path in turbulent flows. For example, many observations 
reported that small fish swim preferentially next to the bottom corners in rectangular channels: that 
is, in regions of low fluid velocity, but very high turbulence and intense secondary currents. 
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Table H-1 - Review of laboratories studies on fish swimming in a 12 m long 0.5 m culvert barrel model: fish data (mass mf and total length Lf) 
 
Reference Q d 
(1) 
Vmean 
(1) 
T Fish species Nb of 
fish 
Fish mass 
mf 
Fish length 
Lf 
 (m3/s) (m) (m/s) (ºC)   (g) (mm) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
WANG et al. (2016a)         
Smooth channel 0.0261 0.123 0.424 24.5 Duboulay's rainbowfish (Melanotaenia duboulayi) 22 2.75  0.65 68.5  6.3 
Rough bed & smooth sidewalls 0.0261 0.133 0.392 0.5 Duboulay's rainbowfish (Melanotaenia duboulayi) 23 3.6  1.08 74.0  5.5 
Rough bed & rough left sidewall 0.0261 0.129 0.424  Juvenile silver perch (Bidyanus bidyanus) 23 39.7  33.7 145  31.5 
     Duboulay's rainbowfish (Melanotaenia duboulayi) 23 3.2  1.07 70.5  8.0 
CABONCE et al. (2018,2019)         
Smooth channel 0.0556 0.162 0.686 24.5 Juvenile silver perch (Bidyanus bidyanus) 20 1.50  1.16 53.0  11.8 
Medium baffles (hb = 0.067 m) 0.0556 0.1625 0.684 0.5  26 1.30  0.85 47.0  9.6 
Large baffles (hb = 0.133 m) 0.0556 0.173 0.643   26 3.70  2.81 70.5  16.7 
Large baffles (hb = 0.133 m) with 
perforation ( = 13 mm) 
0.0556 0.173 0.643   15 3.20  1.40 66.0  8.7 
 
Notes: d: water depth; hb: isosceles triangular baffle size; Q: water discharge; T: water temperature; Vmean: bulk velocity; fish data: median value  
standard deviation; (1): valued recorded 8 m downstream of the flume's entrance. 
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APPENDIX I - ON ALTERNATIVES TO IMPROVE UPSTREAM PASSAGE 
OF SMALL-BODY-MASS FISH, INCLUDING RETROFITTING 
I.1 PRESENTATION 
During the last decades, concerns about the ecological impact of culverts on stream connectivity 
have led to some evolution in design (CHORDA et al. 1995, WARREN and PARDEW 1998, 
HOTCHKISS and FREI 2007). The impact in terms of fish passage may adversely affect the 
upstream and downstream eco-systems (BRIGGS and GALAROWICZ 2013). Common culvert fish 
passage barriers encompass perched outlet with excessive vertical drop at the culvert outlet, high 
velocities and turbulence in the barrel, debris accumulation at the culvert inlet, and standing waves 
in inlet and outlet (BEHLKE et al. 1991, OLSEN and TULLIS 2013, WANG et al. 2018).  In this 
section, a review of different wall boundary treatments and appurtenances to improve upstream 
passage of small fish in culvert barrel is presented, based upon recent detailed hydrodynamic 
measurements in near-full-scale culvert barrel flumes (Fig. I-1 and Table I-1). Importantly, these 
boundary treatments were selected to have a small impact on the discharge capacity of the culvert at 
design discharge. 
All the experimental works were conducted in rectangular channels with discharges typical of less-
than-design discharges, and fish endurance tests were conducted for a limited range of discharges 
and configurations (Appendix H). The data were complemented by detailed numerical CFD 
modelling (ZHANG and CHANSON 2018, LENG and CHANSON 2018). Noteworthy, the 
comparison between different boundary treatments is developed with identical water discharge, in 
line with engineering design practices. 
 
I.2 BASIC RESULTS 
Small-body-mass fish swim primarily next to the culvert barrel corners and sidewalls (Appendix H), 
albeit negative wake flows may disorientate small fish (CABONCE et al. 2018,2019, DUGUAY et 
al. 2018). Low-velocity zones suitable to small-bodied fish passage should fulfil: 
 0 < Vx < Ufish (I-1) 
where Vx is the local time-averaged longitudinal velocity component and Ufish is a characteristic fish 
speed (CHANSON and LENG 2018). Fish navigability in a culvert barrel also depends on the 
connectivity between low velocity zones (LVZs), in addition to their total relative size. In plain 
terms, long contiguous reaches of low positive velocity zone (LPVZ) which meet certain velocity 
criteria (e.g. 0 < Vx < Ufish) are naturally more traversable than multiple, separate patches of LVZs 
(ZHANG and CHANSON 2018). 
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Fig. I-1 - Boundary treatment to improve upstream fish passage in box culvert barrel (Table I-1) 
 
The performances of several types of boundary treatment were compared in terms of the size of low 
positive velocity zone: 0 < Vx < 0.5Vmean (LPVZ), and their longitudinal distribution. Figure I-2 
presents a comparison based upon detailed hydrodynamic data obtained in near-full-scale culvert 
barrel flumes for the same discharge (1). In Figure I-2, the data are presented for three longitudinal 
baffle spacings. The results show marked differences between the different types of boundary 
                                                 
1 All the data were measured in fully-developed flow regions. 
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treatments (Fig. I-2). In the smooth and rough flumes, the flow resistance is regularly distributed 
and flow separation was negligible. Continuous low-positive-velocity zones are provided next to the 
channel boundaries and in the corner regions, with a large LPVZ area fraction in the asymmetrical 
roughened channel. With small triangular corner baffles, flow separation occurs at each baffle edge, 
followed by a negative velocity zone (NVZ), i.e. a recirculation region. Immediately downstream of 
the small baffles, the size of LPVZ may be comparable to that in the rough wall and bed flume, but 
only for a short distance. A lack of longitudinal LPVZ interconnection is clearly evidenced in 
Figure I-2.  In contrast, the ribbed channel provides a smaller LPVZ, and a key difference is the 
well-marked highly-turbulent LVZ beneath the sidewall rib. The application of longitudinal 
sidewall rib treatment must be considered with uttermost care. A number of practical considerations 
yield major technical challenges and, in many instances, alternative designs should be preferred 
(SANCHEZ et al. 2018). 
In summary, a comparison was conducted between various boundary treatments, selected to have a 
minimal impact on the discharge capacity of the culvert at large discharges. The comparative 
analysis of detailed hydrodynamic measurements with different boundary treatments suggests that 
the requirements for continuous, sizeable low positive velocity zone (LPVZ), e.g. 0 < Vx < 
0.5Vmean, suitable to small-bodied fish might be best enhanced with an asymmetrically roughened 
culvert barrel than with triangular baffles or streamwise rib(s). 
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Fig. I-2 - Comparison in terms of longitudinal variation of fractions of low positive velocity zone 
(LPVZ), i.e. 0 < Vx < 0.5Vmean, between different boundary treatments in a 12 m long 0.5 m wide 
culvert barrel channel - Experimental flow conditions listed in Table I-1, all data obtained in the 
fully-developed flow region for the same discharge Q = 0.0556 m3/s, data shown over three 
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longitudinal baffle spacings (3Lb) 
 
I.3 DISCUSSION 
With small-body-mass fish, the species have weak-swimming abilities and excessive barrel 
velocities are too often a barrier to upstream fish passage. Recent field observations and large-size 
laboratory studies documented fish swimming and behaviour in box culvert barrels. All the 
biological data indicated that the fish swim preferentially close to sidewalls, in regions of low 
velocity and high turbulence intensity (Appendix H). A key flow zone is the barrel corner region 
where secondary currents are strong. Next to a sidewall, the channel flow is retarded and the result 
is some secondary flow motion generated at right angle to the longitudinal current (BRADSHAW 
1987, SANCHEZ et al. 2018). In the channel corner, a transverse flow is initiated and directed 
towards the corner as a direct result of turbulent shear stress gradients normal to the bisector 
(GESSNER 1973). The interactions between the transverse shear gradient along the corner bisector 
and longitudinal flow motion induce energy losses, which must be compensated by some transverse 
flow. More generally, secondary circulation may be found in cross-sections with abrupt spatial 
variations in boundary conditions such as sharp corners between bed and sidewall, between sidewall 
and free-surface (TOMINAGA and NEZU 1991, UIJTTEWAAL 2014). 
In presence of different types of boundary treatment, the observations showed the "sweet spots" that 
the fish exploit, namely regions of low-velocity and high-turbulence with intense secondary motion. 
Irrespective of the boundary treatment, detailed observations indicated that fish spent two-third of 
their time in the bottom corners and nearly 90% of time next to the sidewalls and bottom corners 
altogether (Appendix H). Present knowledge suggests further that the invert and sidewall roughness 
may be scaled to the fish dimensions, with some fish best interacting with large vortices when the 
ratio of eddy size to fish length is close to unity. 
 
I.4 CONCLUDING REMARKS: AND WHAT ABOUT TURBULENCE? 
While leading scholars discussed about the "mechanics of fish–turbulence interactions" (NIKORA 
et al. 2003, p. 1380) or "the role of turbulence on biotic communities" (MADDOCK et al. 2013, p. 
433), what do we really know about turbulence? 
Nobel Laureate Richard P. FEYNMAN reminded us that "turbulence is the most important 
unsolved problem of classical physics" (FEYNMAN et al. 1964) and Professor Peter BRADSAW 
added that "turbulence and its measurement are both controversial subjects" (BRADSHAW 1971, 
p. xii). Researchers cannot be complacent about turbulence because it is ubiquitous in Nature: 
"turbulence is the most common, the most important and most complicated kind of flow motion" 
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(BRADSHAW 1971, p. xi) and "many of its seemingly simple questions remain unanswered" 
(SMITS and MARUSIC 2013, p.25). In a wall-bounded channel, such as a culvert barrel, 
turbulence is produced by friction at the solid boundaries, and the turbulent flow is constrained by 
the no-slip condition (2) at the barrel walls and invert. The flow region where the hydrodynamic 
properties are affected by boundary friction is broadly called "boundary layer" (SCHLICHTING 
1979, BAILLY and COMTE-BELLOT 2015), a concept first introduced by Ludwig PRANDTL 
(1904).  
A boundary layer is defined as the region where the flow propertied are affected by boundary 
friction. In the fully-developed flow region of a culvert barrel channel, the "boundary layer" region 
occupies the whole flow area as shown experimentally (Appendix F, Table I-1). Physically, 
however, there were fundamental differences in the key turbulent processes between different 
boundary treatments, that cannot be ignored. With a smooth culvert barrel channel, the dominant 
mechanism of energy dissipation is the boundary skin friction, with small secondary current of 
Prandtl's second kind in the bottom corners (EINSTEIN and LI 1956). With small triangular corner 
baffles, the flow field is dominated by fluid streamline separation at the edge of each baffle 
(CABONCE et al. 2019), with a negative wake behind and boil of the first kind (SCHLICHTING 
1979). In presence of longitudinal rib, strong secondary circulation of Prandtl's second kind occurs, 
linked to the development of large streamwise vortices and surface longitudinal streaks (LEVI 
1965, SANCHEZ et al. 2018). 
The interpretation of the turbulence typology is uppermost critical to a successful boundary 
treatment conducive to upstream passage of small-bodied weak-swimming fish. A precise 
knowledge of the entire three-dimensional velocity field is essential, because the rate of work and 
energy required by fish to thrust itself against the water discharge is proportional to the cube of the 
local fluid velocity, i.e. Vx3 (WANG and CHANSON 2018a). An in-depth understanding of the 
turbulent flow field constitutes a core requirement to comprehend the fish-fluid interactions, and a 
pre-requisite for physically-based mitigation measures of the ecological impact of culverts in terms 
of upstream fish passage. 
 
 
                                                 
2 That is, Vx = 0 at a fixed rigid wall. 
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Table I-1 - Hydrodynamic investigations of box culvert barrel boundary treatment to assist upstream fish passage 
 
Boundary treatment Boundary conditions Q L B Fish species Reference 
  (m3/s) (m) (m)   
Smooth channel Smooth PVC bed and glass 
sidewalls 
0.0261 
0.0556 
12 0.5 Duboulay's rainbowfish (Melanotaenia 
duboulayi), Juvenile silver perch 
(Bidyanus bidyanus) 
WANG et al. (2018), 
CABONCE et al. (2019) 
Rough-bed channel Rough bed, smooth sidewalls 0.0261 12 0.5 Duboulay's rainbowfish (Melanotaenia 
duboulayi) 
WANG et al. 
(2016a,2018) 
Asymmetrically roughened 
channel 
Rough left wall, rough bed, 
smooth right wall 
0.0261 12 0.4785 Duboulay's rainbowfish (Melanotaenia 
duboulayi), Juvenile silver perch 
(Bidyanus bidyanus) 
WANG et al. 
(2016a,2018) 
Small triangular corner 
baffles 
Triangular corner baffles along 
left wall only, hb = 0.067 & 
0.133 m, Lb = 0.67 & 1.33 m 
0.0261 
0.0556 
12 0.5 Juvenile silver perch (Bidyanus 
bidyanus) 
CABONCE et al. 
(2018,2019) 
 Triangular corner baffles along 
both walls, hb = 0.067 & 0.133 
m, Lb = 0.67 & 1.33 m  
0.0556   -- CABONCE et al. (2018), 
FREIRE et al. (2018) 
Ventilated triangular 
baffles (both sides) 
Brush baffles along both walls, 
hb = 0.133 m, Lb = 1.33 m  
0.0556 12 0.50 -- FREIRE et al. (2018) 
 Baffles with three holes along 
both walls, hb = 0.133 m, Lb = 
1.33 m  
   -- FREIRE et al. (2018) 
Asymmetrical ribbed 
channel 
0.050m0.050m longitudinal 
rib placed along right wall 
0.050 m above bed 
0.0261 
0.0556 
0.100 
15 0.50 -- SANCHEZ et al. (2018) 
 
Notes: B: channel width; hb: baffle height; L: channel length; Lb: longitudinal baffle spacing; Q: water discharge; Horizontal channels: So = 0; Light 
shade: fish endurance testing (Appendix H). 
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Presentation 
 The subject index lists the chapter or appendix in which each term or expression is mentioned. 
For example, 3 means Chapter 3, and B means Appendix B. 
 Standard fish names are used in the subject index, with the scientific name indicated in italic: e.g., 
Duboulay's rainbowfish (Melanotaenia duboulayi). 
 Family name of scholars are listed in capital letters: e.g., DARCY for Henri Philibert Gaspard 
DARCY (1805-1858). 
 A list of common abbreviations is explained at the end of the List of Symbols at the start of the 
document. 
 A glossary of technical terms is provided in Appendix A. 
 
 
Subject index 
Term / Expression Chapter / 
Appendix 
Abutment A 
Accretion A 
Advection A 
AEP A, E 
Aerobic A 
Afflux 3, 7, A 
Aggradation A 
Aleatory uncertainty A 
Allowable soil pressure A 
Alternate depth A 
Amphidromous fish A 
Anadromous fish A 
Anaerobic A 
Analytical model A 
Anguiliform fish propulsion A 
Annual exceedance probability 
(AEP) event 
C 
Annual exceedance probability 
(AEP) storm 
3 
Annual recurrence interval (ARI) 
event 
C 
APELT A 
Appertunance  
Appurtenance H 
Apron A 
ARI A, E 
Armouring A 
Asymmetrical roughness I 
Backwater A 
Backwater calculation A, D, E 
Baffles 1 
Baffles (triangular corner) 4, 8, I 
Barbel 1 
BARRÉ de SAINT-VENANT A 
Barrel A 
Barrel (culvert) A 
Barrel cross-section area 3 
Baseflow A 
Bed load A 
Bed slope 3, E 
BÉLANGER A 
Bélanger equation A 
BERNOULLI A 
Bernoulli equation 4, 5, A 
Bluegill (Lepomis macrochirus) 1 
Bluehead chub (Nocomis 
leptocephalus) 
1 
BORDA A 
Bottom outlet A 
Boundary layer A 
Boundary treatments 4, 8, H, I 
BOUSSINESQ A 
S-2 
Boussinesq coefficient A 
Boussinesq-Favre wave A 
BOYS A 
BRESSE A 
Broad-crested weir A 
Brook lamprey (Lampetra 
planeri) 
1 
BUAT A 
BUCKINGHAM F 
Bulk velocity 1, A, F 
Byewash A 
Carangiform fish propulsion A 
Cartesian co-ordinate A 
Catadromous fish A 
Catchment A 
CFD (see Computational fluid 
dynamics (CFD) modelling) 
 
CHÉZY A 
Chézy coefficient A, D 
Chinook 1 
Choke A 
Choking flow A 
Cofferdam A 
Coherent structures (turbulence) 4 
Cohesive sediment A 
Coho 1 
Colebrook-White formula A 
Collars A 
Common minnow (Phoxinus 
phoxinus) 
1 
Computational fluid dynamics 
(CFD) modelling 
1, 5, 6, G 
Conjugate depth A 
Conservation of mass 6, D 
Conservation of momentum D 
Consolidation A 
Construction 2, 3 
Continuity equation 6 
Control A 
Control section A 
Control surface A 
Control volume A 
CORIOLIS A 
Coriolis coefficient A 
Crayfish 1 
Critical depth A 
Critical flow conditions A 
Critical slope A 
Culvert A, B 
Culvert costs 4 
Culvert design guidelines 1 
Cutoff cpllars A 
DARCY A 
Darcy-Weisbach friction factor A, D 
Debris 3, A 
Degradation A 
Design application 7 
Design discharge 3, 7 
Diadromous fish A 
Diagonal from bottom corner 6, 7 
Dimensional analysis A, F 
Discharge capacity 4, 5 
Diversion channel A 
Drainage layer A 
Drop structure A 
Duboulay's rainbowfish 
(Melanotaenia duboulayi) 
4, H 
DUPUIT A 
Earth dam A 
Eddy viscosity A 
Eel 1 
Eel tailed catfish (Tandanus 
tandanus) 
7 
Effective rainfall A 
Embankment A 
Embankment overtopping 3 
Endangered fish species 7 
Energetic considerations 4 
Epistemic uncertainty A 
European bullhead (Cottus gobio) 1 
Exit loss coefficient E 
Explicit method A 
Face A 
Fawer jump A 
Filter A 
Finite differences A 
First order (or second order) 
upwind scheme 
A 
Fish acceleration F, H 
Fish behaviour 4, H 
Fish kinematics H 
Fish kinematics H 
Fish swimming 4, F, H 
Fish swimming endurance tests H 
Fish swimming speed 4 
Fish swimming tests 1, 4, H 
Fish trajectory H 
Fish-friendly culvert design 4, 5, 6, 7 
Fish-friendly culvert design (basic 
concepts) 
4 
Fish-friendly culvert design 
(guidelines) 
6 
S-3 
Fish-friendly culvert design 
(methodology) 
5 
Fish tailbeat frequency H 
Fish-turbulence interplay 4, H 
Fixed-bed channel A 
Flash flood A 
Flood frequency A, C 
Flood plain 3, 6, 7, D 
Freeboard A 
Free-surface A 
Free-surface aeration A 
Friction slope D, E 
FROUDE A 
Froude number A 
Froude similitude F, H 
G.K. formula A 
Gate A 
GAUCKLER A 
Gauckler-Manning coefficient D 
Gradually varied flow A, D 
Grayling 1 
Headwater A 
Headwater depth A 
Headwater level A 
Hydraulic diameter A 
Hydraulic jump A 
Hydrographic data 7, C 
Hydrology C 
Hydrostatic pressure A 
Ideal fluid A 
Implicit method A 
Implicit solution A 
Inflow A 
Inlet A 
Inlet A 
Inlet control 3, A 
Inspection 2, 8 
Intake A 
Internal friction A 
International system of units A 
Invasive fish species 1 
Invert A 
Inviscid flow A 
IPPEN A 
Irrotational flow A 
J.H.R.C. A 
J.H.R.L. A 
Johnny Darter (Etheostoma 
nigrum) 
1 
Juvenile silver perch (Bidyanus 
bidyanus) 
H 
KARMAN A 
Karman constant (or von Karman 
constant) 
A 
KENNEDY A 
KEULEGAN A 
L.V.Z. A 
Laura River NSW (Australia) 7 
Leatherside chub (Lepidomeda 
aliciae) 
1 
Left abutment A 
Left bank (left wall) A 
Lining A 
Log law (or Law of Wall) A 
Longitudinal streaks I 
Low positive velocity zone 
(LPVZ) 
I 
Low velocity zone (LVZ) 4, 5, 6, 7, 
A, G, I 
LPVZ (see Low positive velocity 
zone (LPVZ)) 
 
LVZ (see Low velocity zone 
(LVZ)) 
 
M.E.L. culvert A 
Macro-roughness 1 
Maintenance 2, 8 
MANNING A 
Manning coefficient (see 
Gauckler-Manning coefficient) 
 
Margined madtom (Noturus 
insignis) 
1 
McKAY A 
Meandering channel A 
Mechanical energy 4, F 
Mesh (or mesh grid) A 
Metabolism A 
Metric system A 
Mild slope 6, A 
Minimum energy loss culvert A, B 
Mitigation measures H, I 
Momentum exchange coefficient A 
Moody diagram A 
Morton number A 
Mountain galaxias (Galaxias 
olidus) 
7 
Multicell box culvert 1, B 
Murray Darling Basin (Australia) 7 
NAVIER A 
Navier-Stokes equation G 
Negative velocity zone (NVZ) I 
No slip condition I 
Nomographs 3, 7, A 
S-4 
Non uniform equilibrium flow A 
Normal depth A 
Numerical modelling G 
NVZ (see Negative velocity zone 
(NVZ)) 
 
Obvert A 
One-dimensional flow A 
One-dimensional model A 
Ostraciiform fish propulsion A 
Outflow A 
Outlet A 
Outlet control 3, 6, A 
Outlet control calculations 6, E 
Overlay zone A 
PASCAL A 
Pascal A 
P-Buckingham theorem F 
Peak-over-threshold gauged data 7, C 
Perched outlet 1 
Percolation A 
Physical modelling 5, 6, F, H 
Pipe culverts 8, B 
Piping A 
PITOT A 
Pitot tube A 
Potamodromous fish A 
Potential flow A 
PRANDTL A, I 
PREISSMANN A 
Pressure outlet A 
Prismatic A 
Rapidly varied flow A 
Red muscle A 
Redbreast Sunfish (Lepomis 
auritus) 
1 
REECH A 
REHBOCK A 
Residual A 
REYNOLDS A 
Reynolds number A 
Rheotaxis A 
Rib (longitudinal) 8, I 
Right abutment A 
Right bank (right wall) A 
River blackfish (Gadopsis 
marmoratus) 
7 
River habitats 1 
Roller A 
Roughness 4, 8, I 
S.A.F. A 
SAINT-VENANT A 
Salmon 1 
Scale effect A, F, H 
Scour A 
Scour A 
Secondary currents 4, 5, 6, 8, I 
Sediment 3, A, B 
Sediment load A 
Sediment transport 1, A 
Seepage A 
Separation A 
Separation point A 
Sequent depth A 
Silver perch (Bidyanus bidyanus) 4, H 
Similitude F, H 
Siphon A 
Slope A 
Sluice gate 4, 5, A 
Small-body-mass fish 4, 5, 6, 7, 
H 
Sockeye 1 
Soffit A 
Southern purple spotted gudgeon 
(Mogurnda adspersa) 
7 
Specific energy 3, 7, A 
Speckled dace (Rhinichthys 
osculus) 
1 
Spillway A 
Spined loach (Cobitis taenia) 1 
Splitter A 
Stage-discharge curve A 
Stagnation point A 
Standard box culvert 1, B 
Standard k-? model A 
Steady flow A 
Steelhead 1 
Steep slope A 
Stilling basin A 
Storm water A 
Storm waterway A 
Stream tube A 
Streamline A 
Subcritical flow A 
Supercritical flow A 
Suspended load A 
Swallowtail shiner 
(Notropisprocne) 
1 
Swimming speed A 
Swimming speed (see Fish 
swimming speed) 
 
Système international d'unités A 
Système métrique A 
S-5 
T.W.R.C. 7, A 
T.W.R.L. 7, A 
Tailwater A 
Tailwater conditions 3, 7, F 
Tailwater depth 3, A, F 
Tailwater level A 
Tainter gate A 
Threatened fish species 1 
Throat (culvert) 3 
Total head 3, A 
Training wall A 
Trashrack A 
Triangular corner baffles H 
Trout 1 
Turbulence 4, 8, A, I 
Turbulence typology 8, I 
Turbulent flow 4, A, F 
Two-dimensional flow A 
Two-phase flow A 
U.S.A.C.E. A 
U.S.B.R. A 
Undular hydraulic jump A 
Uniform equilibrium flow A, D 
Unsteady flow A 
Uplift A 
Upstream flow conditions A 
Validation A 
VASCHY F 
Velocity distributions in culvert 
barrel 
F, G 
Velocity inlet A 
Vena contracta A 
Ventilated baffles I 
Viscosity A 
Volume of Fluid (VOF) A 
Von Karman constant A 
Wake region A 
Wall roughness H 
Warrie A 
Waste waterway A 
Wasteweir A 
Water A 
Weak jump A 
Weber number A 
Weir A 
Wetted perimeter A 
Wetted surface A 
White muscle A 
Wing wall A 
Yellowstone cutthroat trout 
(Oncorhynchus clarkii bouvieri) 
1 
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